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ABSTRACT
Water is supplied to customers via a distribution network of aging, mainly ferrous water 
mains. The deterioration in condition of these mains is affected by the internal and 
external environment to which the mains are exposed. Water utilities are required to 
report on the condition of these mains to the economic regulator OFWAT on an annual 
basis. The purpose of this is to determine investment strategy and set customer price 
limits. Condition assessment is also used within maintenance planning, particularly 
pipeline rehabilitation. Traditional methods of condition assessment for small diameter 
ferrous mains are destructive techniques which involve excavation of sections of main, 
measurement of corrosion damage, and prediction of remaining life.
A critical evaluation of the traditional methods of condition assessment has been carried 
out to identify the problems associated with the techniques, and quantify the sensitivity of 
the equations used to data accuracy. The data that is collected by Thames Water 
throughout the routine operation and maintenance of the distribution network has been 
identified, reviewed, and compared to the parameters identified within the literature as 
being either a cause or a result of water main corrosion. These data sets were related to 
either the performance of the system or the environment to which the mains are exposed. 
The data available within Thames Water were investigated using multiple regression 
analysis to determine the relationship between pipeline condition, performance and 
environment. The factors that are related to the deterioration of ferrous water distribution 
mains, on which data is available within a typical water utility, have been identified. 
Three equations are proposed for the prediction of the degree of tuberculation within the 
distribution system and the depth of internal and external from these data sets.
Recommendations have been made regarding the potential uses and applications of this 
technique in the management of water distribution networks and regulatory reporting in 
England and Wales.
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GLOSSARY
Graphitisation
Tuberculation
The effect on ferrous metals of corrosion resulting in 
leaching of ferrous ions from the metal stmcture.
Corrosion product associated with the internal corrosion of 
pipes. Consists of hard shells of iron oxide and hydroxides 
with softer corrosion products inside.
Distribution main A small diameter main that does not perform a strategic 
function.
Serviceability The term used to describe the abihty of a water utility to 
provide a level of service to a customer.
Condition assessment 
technique
Leak
Method of determining the condition of water mains, which 
can be either destructive or non-destructive.
Structural failure of a water main resulting in loss of water 
from a main. Defined as a failure that is identified through 
pro-active maintenance.
Burst Catastrophic failure of a water main. Defined as a failure 
that is located through reactive maintenance.
Performance
Iron pick up
The performance of a main refers to ability of a main to 
provide a given level of service to the customer. 
Performance indicators include: burst rate, leakage rate, 
number of complaints and pressure problems.
The increase in iron concentration which occurs between 
entry into and exit from the distribution system
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ABBREVIATIONS
AMP Asset Management Plan
CCTV Closed Circuit Television
Cl Cast iron
CIRIA Construction Industry Research and Information Association
DI Ductile iron
DWI Drinking Water Inspectorate
EA Environment Agency
ECAT External Condition Assessment Tool
EngD Engineering Doctorate
GAM Generalised Additive Model
GIS Geographical Information Systems
GEM Generalised Linear Model
IPPC Integrated Pollution Prevention and Control
JR June Returns
LoS Level o f Service
Ml/d Mega Litres per day
NDT Non-destructive testing
OFWAT Office o f Water Services
PASTA Pipe and Soil Technical Archive
PIG Pipe Inspection Gauge
SGI Spun grey iron
TWUL Thames Water Utilities Ltd
WA Warren Associates
Wmin Minimum wall thickness to failure
WRc Water Research Centre
RE Research Engineer
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EXECUTIVE SUMMARY
1. Introduction
The Engineering Doctorate (EngD) in Environmental Technology is a four-year research 
degree carried out within an industrial setting. The degree focuses on environmentally 
sensitive industrial areas in order to understand the relationship between the environment, 
technology and business. This research was sponsored by Thames Water Utilities Ltd to 
improve the understanding of water main condition and reduce the environmental impact 
of maintenance operations.
The research portfolio consists of a number of documents. These are:
• The executive summary;
• The thesis document;
• Six-monthly reports;
• Other supporting documents.
The executive summary constitutes an element of the portfolio submission, and provides 
an overview of the research undertaken, and in this case refers solely to the research 
detailed in the thesis document. The recommended order of reading of the portfolio is 
this Executive Summary, followed by the research thesis document. The six-monthly 
reports provide a log of activities carried out throughout the four-year programme, and 
the progression of the research, but do not detail research results. Additional documents 
provided include a number of conference papers that were presented at both Engineering 
Doctorate annual conferences and international conferences. These complement the 
research presented within the thesis document.
The principal aims of EngD project are to investigate the current methodologies for 
assessing the condition of water distribution systems and develop an alternative 
methodology for condition assessment of ferrous water mains. This research investigates 
a number of factors including:
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• The factors which affect the deterioration of buried water distribution mains;
• The methods by which the condition of buried pipelines are currently determined;
• The data that is collected during the routine operation of the distribution system;
• The potential use of data in the management and specifically the condition 
assessment of the distribution system, to reduce the environmental impacts 
associated with poor condition mains.
The project focuses on ferrous water distribution mains of a diameter below 300mm. The 
research project was carried out in four distinct phases. These were:
1. A review of literature relating to water main deterioration, condition assessment and 
condition modelling.
2. A comparison of the methods of condition assessment of small diameter water mains, 
used within the UK.
3. A critical assessment of the problems and accuracy associated with remaining life 
prediction.
4. The development of equations for the prediction of corrosion and tuberculation from 
data that is collected as part of the operation and maintenance of the system.
The scope and methodology of the research and the structure of both the portfolio and the 
research project are located within Chapter 1.
2. Environmental impact of water distribution
The environmental impact of the water distribution can be split into two broad categories 
associated with the treatment and distribution of the water, and the effects of the 
performance of the system.
The environmental impact of the treatment and distribution of water is associated mainly 
with the energy use resulting from water treatment and pumping, the abstraction of water 
from rivers, and also with the production of chemicals used within the treatment 
processes. The impacts of the system performance are related to the loss of water as a
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result of leakage, and therefore are again related to the energy usage to treat and pump the 
water, and the consequences of routine maintenance and repair.
The condition of the water distribution network will affect the ability of the water utility 
to provide a satisfactory level of service to its customers. Poor condition mains can lead 
to an increase in burst and leakage rates, and pressure problems. The annual leakage 
estimate for Thames Water is approximately 30%. At the time of writing this equates to 
approximately 870 ML/day, which equates to a total loss of 147,000 MWh and 64,200 
tonnes of CO2 equivalents. The leakage of water is also associated with unnecessary 
abstraction of water from rivers, and the subsequent impact on river levels and the local 
ecosystems.
The efficient management of the distribution system, and specifically the ability of the 
utility to target maintenance, will help reduce the unnecessary environmental impact of 
the treatment and distribution of water. An improved understanding of the condition of 
the distribution system, and specifically the factors that lead to the deterioration of the 
distribution network, will enable improved targeting of maintenance. When considering 
the magnitude of the current loss through leakage (-30% of water entering the system), 
significant reductions in energy use and therefore both environmental and financial costs 
could be achieved through improvements in network condition and performance. The 
efficient management of the network will also result in a reduction in the number of 
bursts and therefore also a reduction in the environmental consequences associated with 
failure of the network. The environmental impacts of water distribution are discussed in 
Chapter 2.
3. Regulation
The water industry in England and Wales is regulated by three bodies; the Office of 
Water Services (OFWAT), the Drinking Water Inspectorate (DWI) and the Environment 
Agency (EA). The roles of the three regulatory bodies are complementary.
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Water utilities in England and Wales are required to report to OFWAT, the economic 
regulator, on an annual basis as part of the June Returns, and on a five-yearly cycle 
known as the Periodic Review. The purpose of the regulatory reporting is to enable 
monitoring of a water companies’ performance, protect customers and review costs and 
price limits. Both the June Returns and the periodic review require reporting of the 
condition and performance of water mains within the distribution system using a 
condition and performance grading system. Water utilities are required to report on the 
length of main which falls into each of the five reporting grades, according to design 
standards, level of deterioration, predicted remaining life, burst rate, and tuberculation.
The accurate assessment of pipeline condition and performance is therefore of great 
significance within the regulatory reporting cycle. The methodology used in the 
assessment of condition and performance will affect the accuracy of the information 
provided to OFWAT, which is the basis of investment in the network and establishing 
customer price limits. The regulation of the water industry in England and Wales is 
discussed in Chapter 3.
4. Condition assessment
The most common condition assessment technique for small diameter ferrous mains is a 
destructive testing technique which involves the prediction of remaining pipeline life 
from direct measurement of corrosion. Measurements of corrosion depth are obtained 
from the excavation of sections of water main, and the use of shot-blasting to remove all 
corrosion products exposing the corroded metal. Measurements of corrosion pits and wall 
thickness are used together with pipe age to estimate the rate at which the main is 
corroding, and therefore its likely remaining hfe. Several variations of the technique are 
used across the industry, which are based on the WRc technique published in 1986. Two 
variations of the technique were investigated, and several problems were identified.
These problems affect the accuracy and comparability of the results, and may result in an 
assessment which is unrepresentative of network condition. These problems include;
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1. The failure mechanism assumed within the methodology is by pressure. The pipe 
wall is assumed to be graphitised to the extent that it can no longer supply water at 
a given pressure. This is inaccurate, and failure will occur through a combination 
of both the condition and stresses acting on the pipe which may be internal or 
external.
2. The equation used in the prediction of remaining life is sensitive to data accuracy, 
particularly pipe age. As the majority of pipe age data within the UK water 
industry originates from assumptions, the likely inaccuracies will cause significant 
errors in the remaining life prediction, affecting the usefulness of the technique.
3. The method assumes that the variability in condition is minimal along a street and 
that the excavation of a small section of main is representative of the entire street. 
This is incorrect and variation along a street has been shown to be significant in 
some cases.
4. Differences exist between the methodologies applied by different contractors 
which result in the anomalies between remaining life prediction for the same pipe.
The differences between the methodologies for predicting remaining service life and the 
consequences of the differences are discussed in Chapters 6 and 7 respectively.
5. Modelling water main deterioration
An aim of the research project was to determine whether prediction of pipeline condition 
and tuberculation is possible using data that is routinely collected as part of the operation 
and maintenance of the distribution system. The data that is routinely collected was 
therefore investigated and data types available were compared to the parameters that are 
related to the corrosion of water mains, as identified from available literature. This 
resulted in the identification of a number of data sources from within Thames Water that 
could be used to investigate the relationship between pipe condition, environment and 
performance. The data sets that were identified are as follows:
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Pipe based data
Corrosion analysis data
Pipe age
Material
Environmental data
Soil fracture potential 
Soil corrosivity 
Soil samples 
Water chemistry
Performance data
• Burst data
• Water Quality complaints
• Leak complaints
The data sets are considered with respect to origin, accuracy and geographical spread in 
Chapter 9.
The data analysis methodology used to evaluate the relationship between pipeline 
condition, environment and performance was multiple regression analysis. This 
methodology was chosen as it was considered to be most appropriate technique for 
analysing relationships between data sets, given the outcome which was desired in this 
case i.e. the development of predictive equations for both the depth of corrosion and 
degree of tuberculation. The multiple regression analysis technique is discussed in 
Chapter 10. There were three elements to the analysis of data which was carried out. 
These were:
1. An investigation of the relationship between soil maps and soil sample analysis;
2. An investigation into the relationship between the degree of tuberculation within a 
main and the internal environmental characteristics;
3. An investigation into the relationship between pipeline condition and the internal 
and external environment to which it is exposed.
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The investigation into the relationship between soil maps and soil samples used multiple 
regression analysis to assess the relationship between maps of soil fracture potential and 
soil corrosivity, and the results of soil sample analysis. The parameters known to have 
been considered in the development of the soil fracture potential and soil corrosivity maps 
were compared to the same parameters for which actual soil analysis results were 
available. The results of the analysis suggested that no significant relationship exists 
between the soil parameters (moisture content, pH, and resistivity) and the soil corrosivity 
map, and between the soil clay content and the fracture potential map.
The lack of correlation between the soil sample data and the soil maps may be due to a 
number of factors. These include the quality of the soil sample data set, the resolution of 
the soil maps, the size of the soil sample data set used, and the differences between the 
sources of soil samples and soil maps. The results imply that there is either a problem 
with one of the data sets, or that the data sets are adequate but do not represent the same 
area of soil. It is therefore not possible to conclude from this investigation whether the 
soil maps are representative of the actual soil conditions surrounding the water mains, due 
to the problems identified with the data sets. However, the author has found no evidence 
to suggest that a relationship exists between the soil corrosivity map and the parameters 
that were identified by Cranfield University as being used in the creation of the maps. 
The relationship between soil samples and soil maps is detailed in Chapter 11.
The investigation into the development of tuberculation within the distribution system 
was carried out using multiple regression analysis. Data used within this investigation 
were related to the characteristics of the water mains, the characteristics of the water 
within the distribution system, and the degree of tuberculation within the system 
estimated via a tuberculation code. All data used were available due to their routine 
collection within the operation and maintenance of the system. The results of the 
statistical analysis highlighted a number of factors that were related to the extent of 
tuberculation within the distribution systems. These were;
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• Leak complaints
• Pipe material
• The incidents of bursts
• The temperature of the water within the system
• Water pH
• Water quality complaints
An equation was developed from which the degree of tuberculation can be predicted. 
This involved the parameters of water pH, water temperature, calcium content, pipe 
material and age. This equation accounts for 58% of the variation in the development of 
tuberculation within the distribution network, and enables prediction of the tuberculation 
code to within a maximum of 0.76 of a band width. The prediction of the extent of 
tuberculation within areas of a water distribution network is therefore possible through 
knowledge of pipeline characteristics and parameters related to the chemical and physical 
characteristics of the water feeding the system. The investigation into the prediction of 
extent tuberculation is presented in Chapter 12.
This method of tuberculation prediction could be of use within the annual returns to 
OFWAT, and the four yearly AMP submissions, as discussed in Chapter 3. A key 
element of the submissions to OFWAT is the assessment of pipeline performance, which 
includes a measure of degree of tuberculation. Tuberculation growth has been proven to 
be related to the incidence of water quality complaints, a performance indicator used by 
OFWAT to establish whether a utility is meeting its serviceability requirements. The 
development of a tuberculation prediction tool is therefore of great importance in the 
effective management and assessment of water distribution networks.
An investigation into the relationship between the depth of corrosion on a main and its 
environment and performance was carried out, again using multiple regression analysis. 
The analysis of the degree of corrosion on a water main was carried out in two phases, 
each considering internal and external condition individually. Phase one involved the 
consideration of the condition of individual material types, and phase two considered the 
relationship between condition, performance and environment of all material types. In 
each phase the internal condition was investigated in relation to performance and the
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characteristics of the water within the distribution system. The external condition was 
investigated with respect to performance, and soil fracture potential and corrosivity maps. 
The results identified when considering all material types together were generally better 
than when considering all material types individually, though similar results were 
achieved in terms of the parameters that were found to be significantly related to the 
condition of the main. The parameters that were found to be statistically related to the 
condition of the main were as follows;
Internal condition
• Burst history
• Leak complaints
• Pipe age
• Pipe material
• Water pH
• Water quality complaints
• Water temperature
External condition
• Burst history
Pipe age 
Pipe material 
Soil corrosivity 
Soil fracture potential
The analysis of the relationship between all material types and the associated environment 
and performance of that main resulted in the development of two equations for the 
prediction of internal and external condition. The results achieved from the analysis of 
individual material types were not sufficient to allow the development of predictive 
condition equations for individual materials.
The equation developed for the prediction of internal condition relates maximum internal 
pit depth to pipe material, the incidence of water quality complaints, average annual water 
temperature, the number of bursts within the street from which the main was excavated, 
the pipe age, and the number of burst in a 100m radius of the pipe excavation site. This 
equation is capable of predicting the depth of corrosion on a main to within an error of
0.78mm in 50 % of cases. The prediction of condition is not exact due to a number of 
reasons. These include data on the key factors that affect corrosion may not have been
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included in this analysis, changes in water quality over time due to changes in supply 
arrangements, treatment technology and quality requirements, and changes in the rate of 
corrosion over time. The development of the predictive equation for internal condition is 
described in Chapter 13.
The equation developed for the prediction of external condition relates maximum external 
pit depth to soil corrosivity, the distance to the nearest burst, both as an absolute 
measurement and as a banded representation, the pipe age and the pipe material. The 
equation is capable of predicting pit depth to within 1mm in over 50% of cases and to 
within 1.5mm in over 70% of cases. As with the equation for the prediction of internal 
condition the expectation that an exact prediction of condition would be possible is 
unrealistic. The reasons for the inexact prediction are connected to not considering 
factors that are related to the external deterioration in condition due to lack of data, and 
changes in corrosion rate over time, but also the highly variable soil environment to 
which a pipe is exposed making prediction of precise condition difficult. The purpose of 
this investigation is to determine whether it is possible to estimate the degree of corrosion 
on a main without the need to excavate. This study has shown that prediction of depth of 
corrosion on a main is possible using information that is available.
The external condition of the main was found to be related to the propensity of the main 
to burst and leak. Poor condition mains are therefore associated with an increase in bursts 
and leaks. This shows that the condition of the main affects the performance of the 
system, and is due to the relationship between condition, bursts and the stress 
environment. Where the condition of a main will affect it propensity to burst, the stress 
environment will also be a factor. Mains in poor condition can operate without failure if 
the stresses acting on the pipe are not significant. The prediction of condition must 
therefore consider the soil environment, the performance, and if possible the stress 
environment to which the main is exposed. Exposure to stress is not considered within 
the investigation as data is not available within Thames Water.
The analysis of the relationship between pipe condition, environment and performance, 
and the potential application of the results in a network management context are discussed 
in Chapter 13.
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6. Contributions to knowledge
This Engineering Doctorate research project has contributed to knowledge in the field of 
water main deterioration and condition assessment. The contributions to knowledge that 
have been made by this research are:
• The quantification of the sensitivity and associated problems with the remaining 
life prediction methodology for condition assessment.
• The development of a technique for accurately assessing the degree of 
tuberculation with a water distribution main based on knowledge of the 
characteristics of the main, pipe performance and the internal pipeline 
environment,
• The development of an alternative method of assessing the condition of ferrous 
water distribution mains using knowledge of pipeline characteristics, performance 
and the internal and external environment
These contributions are of significant use within the management and regulation of the 
water distribution svstems across the world.
7. Conclusions
The purpose of this EngD research project was to assess the current methodologies for 
predicting the remaining life of small diameter water distribution mains and to develop an 
alternative technique for assessing pipeline condition. The findings of this research 
project demonstrate that there are a number of problems with current methods of pipeline 
condition assessment which affect the accuracy of the techniques, and the comparability 
of results between variations in the methods. It is also demonstrated that it is possible to 
predict both the extent of tuberculation within a distribution system, and the condition of 
a water main without either excavation or the collection of data that does not already exist 
within a typical water utility. Three equations are proposed for the prediction of the
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extent of tuberculation, the extent of internal corrosion and the extent of external 
corrosion.
It is recommended that Thames Water use the results obtained from this programme of 
research to further their knowledge of the deterioration of the condition and deterioration 
of their ferrous water distribution system. In addition, the equations identified here and 
the methodology employed could be used to implement a network management system, 
which could be utilised within regulatory reporting and asset management and reduce the 
overall environmental impact of water distribution.
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1. INTRODUCTION
The Engineering Doctorate (EngD) in Environmental Technology is a four-year research 
degree in an industrial setting. The degree focuses on environmentally sensitive industrial 
areas in order to develop post-graduate engineers who understand the interrelationship 
between the environment, technology and business in relation to a particular area of the 
businesses technology. This Chapter introduces both the research project and the structure 
of the EngD portfolio. The objectives of this Chapter are to define the main drivers and aims 
of the of the research project, to give an overview of the sponsoring company, Thames 
Water, and to outline the structure of the EngD portfolio.
1.1. THE RESEARCH PROJECT
This research project forms part of a four-year programme, sponsored by Thames Water, to 
address a knowledge gap in the field of water distribution main deterioration and potential 
methods of assessing pipeline condition. This project is part of an initiative to:
• Understand and improve the condition and performance of their distribution 
network;
• Improve the efficiency with which they target the maintenance, with respect to 
achieving improvements in network performance;
• Maintain a minimum level of service to their customers in terms of water 
quality, pressure and supply.
The specific aims of this research project were to critically evaluate current methods of 
remaining life prediction for water distribution mains, and to develop alternative techniques 
for assessing pipeline condition. The scope of this project focuses solely on small diameter 
(<300 mm) ferrous distribution mains, and investigates:
• The main factors which affect the deterioration of buried water distribution 
mains;
• The methods by which the condition of a buried pipeline is currently 
determined;
• The data which is collected during the routine operation of the distribution 
system;
• The potential use of data in the management, and specifically the condition 
assessment, of the distribution system to reduce the environmental impacts 
associated with poor condition mains.
1.2. THAMES WATER
Thames Water is the third largest water utility in the world, and the largest in the UK. In the 
UK they have 8 million potable water customers and 13 million wastewater customers, and 
have been owned by the German utility RWE since 2000. Also in the UK, Thames Water 
are responsible for the operation of an extensive infrastructure of 97 water treatment works, 
351 sewage treatment works, pumping stations and networks of water mains (32,000 km) 
and sewers (67,000 km).
Thames Water has existed in its current form since the privatisation of the water industry in 
England and Wales in 1989. The Thames Water area coves the majority of Greater London, 
and parts of the counties of Surrey, Hampshire, Berkshire, Wiltshire, Oxfordshire and 
Buckinghamshire.
1.3. ENGD SUBMISSION
The EngD submission is in the form of a portfolio rather than the traditional dissertation, 
common within the submission of a PhD thesis. This enables a more detailed view of the 
research project and the professional development courses required to attain the degree of 
Engineering Doctorate (EngD).
The portfolio includes three core documents. These are as follows:
i. The Executive Summary. The executive summary provides a summary of the 
research project undertaken. In particular it details; the aims and objectives of the 
research, the research methodology, the programme of work, the results and the 
contributions to knowledge which have been made.
ii. The Research Thesis. The research thesis presents the core programme of the 
research. This document is the final (8*) six-monthly report.
iii. Other Portfolio Documents. Additional documents are submitted as part of the EngD 
portfolio. These documents include:
• Six-monthly reports completed throughout the duration of the EngD;
• Research materials published by the author, relating to the programme of work 
detailed within the portfolio;
• Module assignments relating to the professional development courses 
completed by the Research Engineer (RE) as part of the EngD programme;
• Any other supporting document that is relevant to the EngD submission.
1.4. SCOPE AND METHODOLOGY
The general structure of the research project is given in Figure 1. The research project is 
split into three key stages. Stage 1 involves the review of current techniques for condition 
assessment of water mains, and the identification of key problems within the methodologies. 
An investigation into the fundamental problems with current techniques for condition 
assessment is carried out in Stage 2. Stage 3 focuses on the collation and analysis of data 
relating to pipeline condition. A project scope was developed to identify key areas which 
would be addressed, and also the focus and limitations of the project.
Stage 1
Stage 2
Critical assessment of 
current methods of 
condition assessment
Investigation of 
fundamental problems 
with current condition 
assessment techniques
Data collation and
regression analysis
Development of 
a tuberculation 
prediction model
stage 3a
Development of 
a condition 
prediction model
Stage 3b
Stage 3
Figure 1. The structure of the EngD research project
1.4.1. Scope
The principal aims of EngD project were to investigate the current methodologies for 
predicting the remaining life of water distribution systems and to develop an alternative 
methodology for condition assessment of ferrous water mains. The project focuses on 
ferrous water distribution mains of a diameter below 300mm (12”). Destructive condition 
assessment techniques for the prediction of remaining service hfe of ferrous water mains 
were investigated. Problems with current methodologies for service life prediction were 
highlighted. Awareness of, and investigations into these highlighted problems were used to 
develop an alternative method of assessing pipeline condition.
1.4.2. Methodology
ITie methodology employed for the investigation of current methods of structural condition 
assessment is as follows.
7. Review o f literature
A literature review was carried out in relation to both condition assessment techniques for 
water mains, and modelling of water main condition and performance.
2. A comparison o f destructive techniques for the prediction o f remaining service life.
Two methodologies for the prediction of remaining service hfe of cast iron mains were 
investigated, and the differences between them highlighted. Both methodologies 
investigated are employed by Thames Water for condition assessment. Simulated examples 
were used to compare the two methodologies with reference to decision making strategies 
used within maintenance planning for water mains. A sensitivity analysis was carried out on 
both methodologies, to identify the sensitivity of the procedures to data and assumption 
accuracy.
3. Identification o f fundamental problems within current methodologies
Several fundamental problems were identified in the condition assessment methodologies for 
the prediction of remaining life used within Thames Water. The effect of these problems has 
been considered, not only in relation to the remaining life predictions resulting from the
current methodologies, but also the effect of such differences on the understanding of overall 
network condition.
4. An assessment o f data sources
Potential sources of data were identified which could be used in the prediction of water main 
condition. Selection of data sources was based on conclusions drawn from the literature. 
Data sets investigated were related to water main condition, burst location, soil information, 
pipe age, water distribution system characteristics and performance, and traffic flow.
5. Investigating the relationship between pipe condition, performance and environment 
The relationship between pipe condition, performance and environment was investigated 
using multiple regression analysis. This was to enable the identification of factors that are 
related to both the degree of corrosion and the degree of tuberculation affecting a main. In 
addition, the development of predictive equations for both condition and tuberculation was 
investigated. These equations enable the prediction of both degree of tuberculation and the 
extent of corrosion without excavation.
2. ENVIRONMENTAL IMPACTS OF WATER DISTRIBUTION
The environmental impact of supplying water can be split into two broad categories 
associated with the abstraction, treatment and distribution of the water and the effects of the 
performance of the system.
The environmental impact of the treatment and distribution of potable water is associated 
mainly with water treatment and pumping and the associated energy use, the abstraction of 
water from rivers and subsequent effects on the local ecosystems, and also with the 
production of chemicals used within the various treatment processes. The environmental 
impact of the system performance is related to the loss of water as a result of leakage, and 
therefore is again related to the energy usage for water treatment and supply, and the 
consequences of maintenance and repair.
This Chapter describes the environmental impacts associated with the operation of the 
Thames Water distribution system. It does not, however, include a quantification of the 
environmental costs associated with the treatment and distribution of water.
2.1. BACKGROUND
Thames Water is the largest and most energy consuming of all UK water utilities, using
999,000 MWh in the financial year 2000/2001 (Thames Water, 2002). This accounts for an 
overall annual expenditure of £40 million, which can be broken down into £35 million spent 
on electricity and £5 milhon on gas and oil.
The trend toward increasing energy efficiency in business has not been evident within the 
water industry. The principal reason for this is the introduction of more stringent quality 
standards, resulting in the need for more complex treatment processes. The new 
requirements generally result in an increased number, or longer treatment processes for 
water, with corresponding increases in energy consumption. The energy consumption
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forecast for the current decade predicts an increase in usage due to this factor of 6 % by 2005, 
rising to 10 % by 2010. The published energy reduction target is 0.5 % per annum from the 
2000 baseline.
2.1.1. Climate change
The threat of chmate change was fully recognised by the international community in 1997 
with the signing of the Kyoto Protocol (Fuller, 2001). All industrialised nations were called 
to reduce greenhouse gas emission by over 5% by 2020. As part of the Protocol the UK 
agreed to increase this reduction to 12.5%. This was subsequently followed by the UK 
Climate Change Strategy in November 2000 that required a 20% reduction in the levels of 
CO] emissions by 2010, based on the 1990. The main tool of the UK Climate Change 
Strategy was the introduction of the climate change levy on industrial non-renewable energy 
use.
Over 40 climate change levy agreements have been signed with various energy intensive 
industrial sectors. Of these, the most energy intensive sectors, regulated by the Integrated 
Pollution Prevention Control (IPPC) regulations, receive an 80% reduction in their climate 
change levy rates to help reduce the burden of the combined impact of the IPPC and the 
climate change levy. The water industry is the third most energy intensive sector. It is 
exempt from this reduction as it is not regulated by IPPC. The UK water industry as a whole 
is therefore liable for the increased energy costs under the climate change levy induced by 
the increasing stringency of the Drinking Water Inspectorate’s (DWl) water industry 
regulation.
2.2. WATER TREATMENT AND DISTRIBUTION
The potable water distribution system operated by Thames Water consists of reservoirs, 
water treatment works, pumping stations and a network of water distribution mains. The 
environmental impact associated with the operation and maintenance of the water 
distribution system is predominantly related to the leakage of water from the system and the 
energy usage associated with the treatment and pumping of that water. Other environmental 
impacts are related to the effects of failed mains and associated maintenance.
The water industry in the United Kingdom accounts for over 2% of the total annual UK 
energy consumption. The treatment and distribution of water to customers is an energy 
intensive process, consuming 49% of the total energy used by Thames Water (see Figure 2). 
This amounts to approximately 490,000 MWh per year. The treatment and distribution of 
water accounts for 16.2% of Thames Waters’ total annual CO? emissions (See Figure 3), 
equating to approximately 214,000 tonnes of CO] equivalents per year. The most energy 
intensive element of the water treatment and distribution process is the pumping process, 
alone accounting for 87% of all energy expended during the water treatment and distribution 
process.
The condition of the water distribution network will affect the ability of the water utility to 
provide a level of service to its customers, in terms of water quality, pressure and 
interruption to supply. Poor condition mains can lead to an increase in failure rates, and 
pressure problems. The annual leakage estimate for Thames Water is approximately 30% of 
the water distributed into supply to customers. At the time of writing this is approximately 
870 Ml/day. Based on the figures above, this equates to a total loss of 147,000 MWh and 
64,200 tonnes of CO] equivalents. The leakage of water is also associated with unnecessary 
abstraction of water from rivers, and the subsequent impact on river levels and local 
ecosystems.
The environmental impacts associated with the maintenance of the distribution network are 
related to the consequences of bursts and leaks and the need for maintenance. This can be 
categorised into the following groups, though it is beyond the scope of this research thesis to 
quantify the impacts:
• Foss of water during a burst or leak event, and the energy usage associated with 
the abstraction, treatment and pumping of that water;
• The use of energy to repair a failure or carry out maintenance;
• The subsequent traffic disruption and associated emissions caused by 
excavations;
• The disposal of backfill materials and rubble from an excavation site.
The efficient management of the distribution system and specifically the ability of the utility 
to target maintenance where it will have the greatest benefit will result in a reduction in the 
environmental impact of the treatment and distribution of water. An improved 
understanding of the condition of the distribution system and specifically the factors that 
lead to the deterioration of the distribution network is required to enable improved targeting 
of maintenance. Targeting of maintenance will enable the utility to focus on areas more 
likely to be in poor condition and contributing to leakage and burst problems. Improvements 
in overall network condition will reduce the amount of water being lost through leakage and 
subsequently reduce the energy expended in treating and pumping water that is lost through 
leakage. When considering the magnitude of current losses through leakage (-30%), 
significant reductions in energy use and, therefore both environmental and financial cost, 
could be achieved through improvements in network condition and performance. The 
efficient management of the network may also result in a reduction in the number of bursts 
and therefore also a reduction in the environmental consequences associated with failure of 
the network.
22%
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Figure 2. Breakdown of electricity usage within Thames Water (Thames Water, 2002)
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Figure 3. Sources of CO2 emissions by operation type within Thames Water (Thames Water,
2002).
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Figure 4. Energy usage in water treatment and supply (Thames Water, 2002).
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2.3. SUMMARY
The environmental impacts of the distribution of potable water are related to the abstraction, 
treatment and pumping of water. Other environmental impacts occur from the operation of 
the system, particularly with routine and emergency maintenance. Increasingly stringent 
regulations regarding the treatment of water will result in an increase in the environmental 
impact of water distribution over the coming decades. With leakage rates in Thames Water 
currently at approximately 30%, unnecessary environmental impacts are occurring, for 
which no benefit to the customer nor Thames Water are being seen. Reductions in leakage 
rates may be brought about through the efficient targeting of maintenance to improve the 
overall condition and long-term performance of the distribution system. Associated with this 
is the potential for both environmental and economic benefits. Other environmental impacts 
results from the maintenance of the distribution system. This is related to not only the 
associated loss of water and the energy, but also the resulting traffic disruption, repair and 
disposal of rubble from the excavation. Improved management techniques may also result in 
environmental benefits, such as reduced water loss and the resulting effects related to 
abstraction, treatment and pumping of that water, reduced pollution resulting from 
excavation, and a reduced need for future maintenance and associated energy usage. 
Improved targeting of maintenance should result in an overall increase in system condition 
and performance, with those mains more likely to fail being targeted first. This will result in 
a decrease in the number of excavations which need to be carried out and hence a decrease in 
the related environmental impacts.
1 2
3. REGULATION
The water industry in England and Wales is regulated by the Office of Water Services 
(OFWAT), the Drinking Water Inspectorate (DWI), and the Environment Agency (EA). 
This Chapter outlines the regulation that governs the water industry, and describes the 
reporting processes which are undertaken by the water utilities, with respect to the 
assessment of the performance and condition of their assets. The condition and performance 
grading systems are discussed, as are the concept of ‘serviceability’, and the use of the 
condition and performance indicators.
3.1. THE REGULATORS
The water industry in England and Wales is regulated by three bodies; the Office of Water 
Services, the Drinking Water Inspectorate and the Environment Agency. The roles of the 
three regulatory bodies are complementary.
OFWAT is the economic regulator of the water industry. They are responsible for ensuring 
that quality and service with the water utilities of England and Wales are maintained. 
Specifically their roles include:
• Controlling the levels of customer billing;
• Ensuring that water utilities comply with the Water Industry Act 1991;
• Ensuring levels of service are maintained of improved;
• Encouraging increases in the overall efficiency of the operations of a water
utility.
The EA is the national body who is responsible for environmental protection and 
management of air, land and water. The responsibilities of the EA include:
• Water resources;
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• Pollution prevention and control;
• Flood defence.
Specifically, the EA controls the abstraction of water for drinking and the return of treated 
wastewater through to recycling sewage sludge and the operation of sludge powered 
generators. The EA issue consents to discharge, licences and authorisations detailing the 
environmental standards to which all water industry operations must adhere to. The EA has 
responsibility for enforcing environmental standards, and for prosecution of serious breaches.
The Drinking Water Inspectorate (DWI) is an independent watchdog appointed by the 
Secretary of State for the Environment, Transport and the Regions, and the Secretary of State 
for Wales. The DWTs main role is to monitor the water supply in England and Wales and 
ensure that water companies supply water that is both safe to drink and meets the standards 
set in Water Quahty Regulations.
3.2. SERVICABILITY
The regulation by OFWAT of the water industry in England and Wales is focussed on the 
provision of a service to customers, referred to as serviceability. Serviceability is a measure 
of how well a water utility is serving its customers, and how equipped it is to serve them in 
the future. The development of the OFWAT position, with respect to serviceability was 
signalled with the publication of MD161 (OFWAT, 2001). MD16I, ‘Managing
Serviceability to Customers’, highlighted the shortcomings of previous regulatory 
submissions with respect to serviceability of assets, and the environmental impacts of their 
operations. Importantly it highlighted a greater need for understanding the link between the 
condition of assets and their serviceabihty. The importance of the need for a greater 
understanding of serviceability was reinforced with the commissioning of two studies by 
OFWAT into the serviceability of water and sewerage assets (Ewan Associates, (2001), WS 
Atkins, (2001)), and in particular the development of enhanced serviceability indicators 
(OFWAT, 2002a) which may, in the future, be required to be monitored by water utilities.
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Guidelines for the assessment of asset deterioration in terms of spatial assessment of burst 
rate (OFWAT, 2002b) have recently been published. This publication implies that similar 
approaches will be required in the future to assess other aspects of serviceability such as 
customer complaints, and water quality and condition. Recent developments have lead to 
the need for a greater awareness by water utilities of the link between serviceability of their 
assets, and their condition and subsequent deterioration.
3.3. CONDITION AND PERFORMANCE REPORTING
Water utilities in England and Wales are required to report on the condition of their asset on 
an annual basis within the June Returns (JR). The purpose of the JR is to enable OFWAT to 
monitor a water companies’ performance, protect customers and review costs and price 
limits. Within the JR, numerous parameters are reported on. These include Levels of 
Service (LoS) Indicators, Serviceability Indicators and the Asset Inventory.
3.3.1. Level of Service indicators
The LoS indicators that apply to asset condition and performance are as follows:
DG2 - Properties receiving pressure/flow below the reference level
The aim of the DG2 indicator is to identify the number of properties that have received, and 
are hkely to continue to receive, low pressure or low-flow problems. The reference level for 
low flow and low pressure is a flow of 9 1/min at a pressure of lOm head on the customers’ 
side of the main stop tap. This must occur when the demand is not abnormal.
DG3 - Properties affected by supply interruptions
The aim of the DG3 indicator is to identify the number of properties affected by planned, 
and unplanned, supply interruptions lasting longer than 3 hours, 6 hours, 12 hours and 24 
hours.
Other LoS indicators are related to sewerage infrastructure or customer service.
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3.3.2. Serviceability Indicators
Water utilities are also required to report on Serviceability Indicators. The Serviceability 
Indicators are intended to provide an assessment of the extent to which a water utility is 
meeting its service requirements. In addition to the extent of DG2 and DG3 problems, the 
serviceability indicators applicable to asset condition and performance are:
• Mains bursts per 1,000km
• Number o f zones failing for iron (iron pick up)
Iron pick-up is defined as the difference in iron concentration between water entering the 
distribution system and the water at the customer’s tap.
3.3.3. The Asset Inventory
The ‘Asset Inventory’ details the length of mains which fall into each material and diameter 
category, and the length of mains which fall into condition and performance grades 4 and 5, 
according to design standards, level of deterioration, predicted remaining life and burst rate, 
and tuberculation (see Tables 1 and 2).
In addition to the June Returns, water utilities are also required to submit 5 yearly Asset 
Management Plans (AMP) as part of a periodic review. These plans detail the current state 
of their network in terms of condition, performance, and serviceability (Parsons, 1998; 
Lindley, 1992; Lackington et a l, 1994). They enable funding to be allocated according to 
need, in order to maintain the serviceability of the network.
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Table 1. OFWAT condition grades for the Asset Inventory (OFWAT, 2002c)
Condition Grade Definition
1, Very good
Modem pipe, designed to current standards with no evidence of 
internal or external degradation. No bursts have occurred.
2, Good
As condition 1, but not designed to current standards in respect of 
pressure ratings, design specification or corrosion protection. 
Deterioration causing minimal influences on level of service. 
There are less than I burst/km/yr of main
3, Adequate
Water mains are generally sound. However, a few pipe wall or 
joint failures or evidence of some external or internal degradation. 
Some deterioration beginning to be reflected in levels of service. 
There are less than 3 burst/km/yr of main.
4, Poor
Water mains with a significant level of joint failures or evidence 
of significant external degradation or likely to cause a marked 
deterioration in levels of service. Some asset replacement or 
rehabilitation needed within the medium term. There are between 
3 - 5  burst/km/yr of main
5, Very poor
Unsound water mains with extensive pipe failures, or significant 
external or internal deterioration. There are more than 5 
bursts/km/yr.
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Table 2. OFWAT performance grades for the Asset Inventory (OFWAT, 2002c)
Performance
Grade
Definition
1, Excellent
Smooth bored mains and communication pipes not subject to 
corrosion or with sound factory applied linings, no operational 
performance problems
2, Good
As 1, but with loose deposits that are noticeable under abnormal 
flow conditions, slight tuberculation which may give a rough 
surface, but does not substantially reduce the cross-sectional area 
of the pipes. May require routine flushing or air scouring.
3, Moderate
Some problems with loose deposits or deterioration of linings 
leading to occasional complaints. Risk of quality failure. Pipes 
with tuberculation causing up to a 20% blockage.
4, Borderline
Frequent problems or complaints, water quality known to have 
failed on more than one occasion under normal operating 
conditions during the previous 12 months. Mains with 
tuberculation causing 20-40% blockage by encrustation.
5, Fail
Main suffering severe problems of infestations and loose deposits. 
Water quality cannot be ensured. Mains with tuberculation 
causing >40% blockage by encrustation.
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3.4. SUMMARY
The regulation of the water industry in England and Wales is governed by three bodies; 
OFWAT, the EA and the DWI. The regulatory requirements in the form of the June 
Returns and the Periodic Review require a water utility to have a detailed knowledge of the 
condition, performance and deterioration of their water distribution system. The 
management of the water distribution system is focused on the provision of a service to 
customers, where the current level of service must be maintained, or improved. The 
assessment of condition and performance are therefore key elements of the regulatory 
process. The use of assessment procedures that result in unrealistic estimates of pipeline 
condition and performance, may lead to the implementation of inappropriate asset 
management strategies. In addition, the use of flawed techniques could lead to in inaccurate 
regulatory submissions, and would result in inefficient targeting of maintenance.
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4. THE DETERIORATION OF BURIED FERROUS METALS
This Chapter described the development of water distribution networks over the past 150 
years, the changes in material usage, and the mechanisms by which these materials may fail. 
Corrosion of these materials may lead to deterioration in condition and performance. The 
factors that can cause corrosion and subsequent deterioration of these materials are identified 
and methods of assessing the degree of corrosion are described.
4.1. INTRODUCTION
Water distribution systems are utilised by water utilities around the world to supply potable 
water to their customers. Water is supplied to customers in the UK through approximately
340,000 km of water mains (Lackington et a l, 1994). These are constructed of ferrous, 
plastic and cement based products. Approximately 80% of mains within water distribution 
systems in the UK are constructed of ferrous materials (cast iron, spun iron, ductile iron, and 
steel) (Evins et a l, 1989; Oliphant, 1987). The performance of a water distribution system 
will be affected by its condition. Water mains in poor condition will result in high leakage 
and burst rates, and may also cause water quality problems (Karaa et a l, 1990; Kirby, 1978; 
Kirmeyer et a l, 1975). Water distribution mains are those which are non-strategic, generally 
below 300mm (12”) in diameter performing a non-strategic role. The efficient management 
of these water distribution systems requires an understanding of their deterioration and the 
factors which affect their ability to supply water of the required quality, rate and pressure.
4.2. MATERIAL USAGE
The development and maintenance of water distribution networks over the past two centuries 
has resulted in the use of a variety of different materials. Material installation patterns 
follow developments in pipeline manufacturing technology. Periods of installation for 
different pipeline materials are summarised in Table 3.
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The earliest ferrous mains were horizontally cast grey iron, and were installed primarily 
between the early 1800s and 1850 (Ministry of Health, 1950). Horizontally cast iron mains 
were manufactured in a sand mould, and cooled slowly. This led to wide variations in wall 
thickness, and the inclusion of numerous casting defects. The manufacture of horizontally 
cast iron mains was limited to lengths of 1.2m (4ft) to 1.5m (5ft), due to sagging during the 
casting process. The strength of the material was lower than that of later cast iron mains, 
and as a result does not withstand stress as well as later mains (Ciottoni, 1983). In 1846, the 
manufacturing techniques for water mains improved with the introduction of vertically cast 
grey iron mains (Ministry of Health, 1950), which rectified the problem of sagging. Water 
mains could now be manufactured in lengths of 3.7m (12ft) to 4.9m (16ft). These again were 
structurally weaker than later materials, but had significantly better structural performance 
than the horizontally cast grey iron mains that had been used previously. Both horizontally 
and vertically cast iron mains suffered from problems with uneven wall thickness. In the 
1920’s, the development of the centrifugally spun mains began. Spun iron mains had thinner, 
concentric walls, with fewer casting defects, had greater corrosion resistance and were 
significantly stronger that earlier ferrous mains (Ciottoni, 1983). Spun iron mains were 
used until the 1960s, when ductile iron was introduced as the favoured material for 
distribution mains. It has been claimed that ductile iron has a generally improved resistance 
to corrosion, a much greater elongation in failure resulting in a greater resistance to 
structural failure (De Rosa, 1985).
Table 3. Installation periods of ferrous water mains (The Stantons Ironworks Company,
(1936), De Rosa, (1985))
Material Type Period of Installation
Horizontally Cast Iron 
Vertically Cast Iron 
Spun Grey Iron 
Ductile Iron
Pre 1846 
1846 to 1922 
1922 to 1961 
Post 1961
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4.3. FAILURE OF A WATER MAIN
Failure of water distribution mains can occur by one of three general mechanisms. These are 
structural failure, water quality failure and hydraulic failure (Dom et a l, 1996). The causes 
of water main failure may be related to the operation of the water distribution system, the 
environment in which the system is operating, or through deterioration in the condition of a 
water distribution system.
4.3.1. Structural failure
A water main is deemed to have failed structurally when it is not capable of meeting the 
serviceability needs of the customer. This may be when the structural strength of the main is 
not sufficient to withstand internal and external stresses, resulting in a leak, or a burst, or it 
may be through failure of fittings such as hydrants, ferrules or joints. A burst can be defined 
as a failure that is identified through reactive maintenance, for example, reacting to a visible 
leak of water on a road, or to a sudden loss of pressure. A leak can be defined as a failure 
that is identified through pro-active maintenance, such as leakage surveys. A reduction in 
the strength of the pipe material, which leads to failure, may be due to the effects of 
corrosion, through disturbance such as ground movement, or by a third party. Failure of 
fittings can occur through corrosion, through failure of a seal, or through third party damage.
4.3.2. Water quality failure
Water quality failure occurs when the water reaching the customers tap does not conform to 
OFWAT or DWI regulations regarding the characteristics of the water, and parameters such 
as taste, odour and colour. Changes in water quality can occur due to the internal corrosion 
of the water distribution network, specifically through the development of tuberculation 
(Section 4.4.2), or through iron-pick up during the operation of the network. Corrosion of 
ferrous mains can result in discolouration and high iron concentrations, high turbidity, and 
sedimentation within the distribution system. Water quality failures can also occur due to 
problems within the water treatment works which supply the customer, or through 
contamination of storage reservoirs.
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4.3.3. Hydraulic failure
Hydraulic failure occurs when the pressure within the water distribution system falls below 
the minimum standard set by OFWAT. The current standard is 10m pressure on the 
customer side of the main stop-tap (see Section 3.3.1). Pressure problems can occur due to 
an increase in pipe roughness, which results in a loss of pressure. An increase in pipe 
roughness can be caused by tuberculation (See Section 4.4.2). Pressure problems can also be 
caused by high ground levels, and problems with pump operation.
4.4. CORROSION TYPES
The term ‘cast iron’ refers to a group of ferrous metals whose carbon content is greater than 
1.7%. Of the four different types of cast iron (grey, white, ductile and malleable), grey cast 
iron, in which most carbon is present as graphite flakes, is the most common, and it is this 
material from which most ferrous water mains are constructed (Evins et a l, 1989). Table 4 
lists the main types of corrosion which have been observed in ferrous water mains. The 
main type of corrosion that occurs in cast iron pipes is graphitisation (Dom et a l, 1996; 
Gummow, 1984; Vuorinen, et a l, 1985; Rothwell, 1984; O’Day, 1989).
Aqueous corrosion is an electro-chemical process (Pletcher and Walsh, 1990). The 
corrosion of ferrous metals occurs when anode and cathode sites are created on the pipe wall. 
At the anode, iron goes into solution resulting in a loss of metal section and a subsequent 
reduction in load carrying capacity. The electrons released by this process are consumed by 
a cathodic reaction that normally converts oxygen and water into hydroxide ions. The metal 
and hydroxide ions then take part in further reactions that result in the formation of complex 
metal oxides and hydroxides which in turn are responsible for the development of 
tuberculation. The corrosion process is described in more detail in Pletcher & Walsh (1990).
The corrosion of buried ferrous water mains can be caused by a range of factors related to 
the environmental influences to which the main is exposed. The factors which cause 
corrosion will be related to the physical and chemical characteristics of both the soil
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surrounding the mains, and the water within the main. These are discussed in Section 4.5.1 
and 4.5.2.
Table 4. Types of corrosion affecting ferrous water mains (O’Day et a l, 1987)
Location Type Description
Interior Tuberculation
Tuberculation causes development of a crustaceous 
layer within the pipe, leading to a reduction in the 
carrying capacity. Biological activity associated with 
this may accelerate the corrosion process.
Interior
Erosion
Corrosion
Erosion corrosion occurs on the interior of the pipe due 
to poor adhesive quahties of corrosion products in 
mains which experience high low rates. Protective 
corrosion products cannot build up on the pipe wall, 
which results in repetitive formation of destructive 
surface films. The corroded pipe wall is continually 
exposed to future attack.
Interior/
Exterior
Graphitisation
Graphitisation results in leaching of iron from the pipe 
wall, reducing both the effective wall thickness, and 
structural integrity of the main.
Interior/
Exterior
Pitting
Corrosion
Pitting corrosion is common on ferrous mains and 
results in penetration of the pipe wall at ‘pit’ sites. 
This occurs mainly at points where the main is in 
contact with small areas of corrosive soil.
Interior/
Exterior
Crevice
corrosion
Crevice corrosion occurs primarily at joints, surfaces 
beneath particulate matter, or imperfections in linings, 
due to the development of an anaerobic environment.
4.4.1. Graphitisation
Graphitisation is the corrosion of grey cast iron, and specifically, the removal of ferrous 
material from the pipe wall (Ainsworth, 1978). This leaves behind a matrix of graphite 
flakes and phosphide residues. The ferrous ions produced during corrosion go into solution, 
and subsequently react to form ferric oxides and hydroxides. This graphitic corrosion 
product remains in the space which was previously occupied by the iron, so no changes in 
shape or dimensions can be observed, but the pipe is weakened by its change in structure.
24
The product of the graphitic corrosion process is porous and considerably weaker than the 
original metal, but it does have some structural strength. Indeed full wall graphitisation can 
be present without any leakage occurring (De Rosa, 1985; Gummow, 1984). Studies have 
shown that there are several different types of graphitisation product, each having different 
strength properties (De Rosa et a l, 1985). This is not the case when ductile iron corrodes. 
The graphitic corrosion product formed as a result of the graphitisation of ductile iron is 
generally weaker than that produced through the corrosion of grey irons. Leakage is more 
likely to occur as soon as full-wall graphitisation occurs of ductile iron mains, than for grey 
iron mains. This is because the graphitic corrosion product of grey iron is held within a 
matrix. The matrix provides structural strength within the corroded pipe wall. The graphite 
present within ductile iron is in spheriodal form. During the graphitisation of ductile iron, 
the spheriodal graphite does not retain any of the structural strength of the pipe wall, as seen 
in the graphitisation of grey iron, and falls away. This results in the formation of pin-holes 
in the pipe wall, and subsequent leakage (De Rosa, 1985).
Figures 5a and 5b show a half-metre section of cast iron distribution main before, and after, 
shot-blasting. The area of main highlighted in Figure 5a shows a partially graphitised 
section of pipe wall. The same area is highlighted in Figure 5b, after the main has been shot- 
blasted and the graphitisation has been removed. On Figure 5a, the wall thickness remains 
fairly constant along the length, and the extent of the corrosion, demonstrated in Figure 5b is 
not evident without excavation and testing. The extent to which a pipe wall can experience 
corrosion is evident on Figure 6, which shows a segment of corroded cast iron main. On 
Figure 6, the depth of corrosion, which has penetrated the full wall thickness, is clearly 
visible from the cut face, though the overall thickness of the pipe wall remains the same. 
Figures 5a and 5b, and Figure 6, show the extent to which the iron can been lost from the 
pipe wall, therefore resulting in reduced structural strength, without any visual indication 
from the pipe surface.
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Figure 5a. Section of cast iron main, pre shot-blasting
Figure 5b. Section of cast iron main, post shot-blasting
2 6
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Figure 6. Face of a segment of 4” (150 mm) cast iron water main.
The corrosion rate of buried ferrous mains is not constant, and generally decreases with time 
(De Rosa & Parkinson, 1985; Dorn et a i, 1996). After installation, corrosion will occur 
when the protective coating on the internal and external surfaces of the main, such as coal tar, 
bitumen, or cement, has disintegrated sufficiently to allow the corrosive environment access 
to the pipe wall. The first decade of burial will generally see the highest corrosion rates. 
Corrosion rates reduce rapidly due to the corrosion mechanism resulting in the deposition of 
iron rich compounds on the pipe surface. The ‘leaching’ of iron, and the formation of oxide 
deposits on the pipe surface form a barrier between the pipe wall and the surrounding soil or 
water, and the corrosion rate slows (De Rosa & Parkinson, 1985; Dorn et al., 1996). 
Corrosion will thus advance relatively quickly at first, but as the pipe wall begins to 
graphitise the pipe wall will be protected from attack to a certain extent, resulting in a 
reduced corrosion rate (Dorn et al., 1996). Experimental research into the corrosion 
behaviour of buried ferrous metals has concluded that the corrosion rate behaviour of ductile 
iron and spun iron are comparable (De Rosa & Parkinson, 1985). The behaviour of spun 
iron and ductile iron exposed to the same environment were compared. The corrosion of
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spun iron advanced quicker at first, but then reduced. The corrosion rate of ductile iron 
followed a similar trend, but took a longer period of time to reduce. After burial for 30 years, 
the actual corrosion rates of the materials were similar, at about 0.05mm/year. Initial rates of 
corrosion are estimated to be 0.1 mm/year. In older grey iron mains, Wagner (1994) suggests 
that actual corrosion rates will have decreased to between 0.01mm and 0.001mm per year. 
In extreme cases of a corrosive environment, the rate of corrosion in an older main may have 
only decreased to 0.1 mm per year, after a period of 50 years.
4.4.2. Tuberculation
Tuberculation is the formation of tubercles on the internal surface of a pipe. The corrosion 
products formed in this process consist of a hard shell of iron oxides and hydroxides with 
softer corrosion products inside (Smith, 1997). Figure 7 shows a highly tuberculated main. 
Tuberculation results in pressure and water quality failures in distribution systems 
(Ainsworth et a l, 1978). The development of tuberculation within a water main is part of 
the corrosion process, and is described by Ainsworth et al, (1978), Dorn et al, (1996) and 
Roth well (1978). The development of tuberculation results in an uneven surface on the main, 
and will protect the main to a certain extent from further corrosion damage. This will lead to 
a reduction in corrosion rate, and is discussed in Section 4.4. Deposition of suspended 
particles will occur throughout the operation of the distribution system. This can add to the 
development of tuberculation, as it will increase the height of tuberculation in areas suffering 
from deposition. Deposition will occur in areas of low flow rate, such as dead end mains, 
cul-de-sacs and sparsely populated areas.
The growth of tuberculation is therefore related to the factors which lead to the corrosion of 
ferrous mains, regarding the chemical and physical characteristics of the water within the 
system, the flow regime within the system and the particles within the water that would lead 
to deposition within the system. Specifically, these factors can include age, material type, 
water temperature, calcium content, pH, dissolved oxygen content, total dissolved solids, 
flow rate and pressure. The growth of tuberculation will vary along the length of the main. 
The initial tubercle will develop as the main corrodes, and so will be affected by factors such 
as damage to both the protective coatings and the pipe wall. Increased levels of 
tuberculation can be seen on the invert surface of the main, due to deposition of particles. 
The effects of scouring on the internal crown surface of the main, can lead to a lack of
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tuberculation, but even without this, tuberculation growth will be slower as deposition will 
not occur.
 ^ t A  1
Figure 7. Tuberculated section of cast iron main (Cleveland Geosurveys, 2002)
4.4.3. Additional corrosion types
In additional to tuberculation and graphitisation, ferrous mains can suffer from erosion, 
pitting and crevice corrosion. Erosion corrosion can occur in mains which experience high 
flow rates. Erosion corrosion involves the graphitisation of the wall of the water main, as 
described in Section 4.4.1. However, unlike conventional graphitisation, the high flow rate 
within the main prevents the development of a protective coating of corrosion products. The 
corrosion rate within high flow rate mains therefore does not reduce in the manner applicable 
to conventional graphitisation. The service life of a main experiencing high flow rates will 
therefore be significantly lower than other distribution mains. A high flow rate main can be 
considered to be that which experiences a flow rate of approximately 1.25 m/s or more.
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Crevice corrosion occurs in areas where oxygen may be excluded, and therefore a localised 
anaerobic environment develops. Crevice corrosion occurs primarily at joints, areas of 
lining damage, and beneath particulate matter. Crevice corrosion results in locally 
accelerated corrosion rates, due to the creation of an anaerobic environment caused by an 
exclusion of oxygen or an accumulation of metal ions between deposits.
Corrosion can result in structural, hydraulic, and water quality failure of a ferrous water main. 
As a result of corrosion, the strength of the pipe wall is reduced, which can lead to structural 
pipe failure. Structural failure may be triggered by changes in the external environmental 
such as cold weather or increased traffic loading. Corrosion of cast iron pipes causes high 
iron concentrations in the water and discoloration, which in turn, cause water quality failures. 
Corrosion may also lead to sediment build up within the mains and high turbidity. Hydraulic 
failure can result from the build up of tuberculation. The increased roughness which results 
from tuberculation will increase head-loss within the distribution system, and may result in 
problems related to low pressure or flow rate.
4.5. CAUSES OF CORROSION
There are numerous processes which are widely accepted as contributory factors to the 
deterioration of pipeline. The key processes, as provide by Zamanzadeh (1994), amongst 
others are; ageing of the main, material, corrosivity and fracture potential of the soil, the 
presence of sulphate reducing bacteria, poor backfilhng, climatic factors, ground loading, 
pipe coatings, low pH, alkalinity, and the hardness of water running through the mains.
4.5.1. Internal corrosion
The chemical and physical properties of the water being conveyed within water distribution 
mains will influence the degree of internal corrosion which occurs. Internal corrosion results 
in loss of hydraulic capacity, water discoloration and loss of pipe wall thickness. Unlined 
grey cast iron pipes are particularly susceptible to corrosion due to direct contact between the
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pipe wall and the water within the system. Numerous factors influence the internal corrosion 
rate of ferrous mains. Factors contributing to internal corrosion may include characteristics 
of the water such as pH and the dissolved oxygen content (Dorn et a l, 1996; Kirmeyer et a l, 
1975; Oliphant, 1987) which will be related to source of water supply (Rothwell, 1978; 
Williams, 1986). Of particular importance, as listed by Williams and Culp (1986), are;
Calcium: Cenerally leads to a reduction in corrosion rate due to the formation of 
protective films with calcium carbonate.
Dissolved Oxygen: Leads to an increase in corrosion rates, particularly in ferrous 
metals.
Flow rate: High flow rates leads to turbulence, allowing oxygen or carbon dioxide, 
to reach the surface more easily. The oxygen and carbon dioxide lead to the removal 
of protective coatings and causes higher corrosion rates. Low flow rates result in 
higher corrosion rates at the extremities of the system, such as in dead end mains or 
cul-de-sacs.
pH\ Acidic conditions which occur at low pH levels, lead to higher corrosion rates.
Temperature: An increase in corrosion rates occurs with an increase in temperature.
Total Dissolved Solids: High concentrations of dissolved solids increase
conductivity of the water, and may therefore lead to an increase in pipeline corrosion 
rate.
The factors which affect the corrosion of the internal surface of water mains are, in many 
cases, routinely monitored throughout the operation of the distribution system.
4.5.2. External corrosion
External corrosion of buried ferrous water mains is a complex process due to the nature and 
variability of the soil surrounding the structure. Corrosion can occur uniformly across a 
surface, or form localised pits and crevices. Factors contributing to external corrosion may
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include ground movement (Bughi et a l, 1986), soil conditions (Jarvis et a l, undated; 
Oliphant, 1987; Lyon, 1996; Jarvis et a l, 1994; Romanoff, 1968; Chaker et a l, 1989; 
Baracos et a l, 1955), installation practices (Versanne, 1987) or chmatic influences (Newport, 
1981; Smith, 1976; Monie et a l, 1974). The factors that may affect the corrosion of buried 
ferrous mains are as follows.
4.5.2.1. Clay content
The clay content of a soil will affect both its corrosivity and fracture potential. Clay 
particles, the smallest of all soil constituents, are plate-like in shape, and have a large surface 
area to volume ratio. In natural undisturbed clay, the moisture content will not change 
significantly at depth. The presence of tree and plant roots can cause changes in moisture 
content and possible soil movement due to extraction of moisture from the soil. During the 
majority of the year, soil moisture content will be stable and the effect of plant roots minimal. 
In the summer months a soil moisture deficit can occur if évapotranspiration exceeds rainfall. 
This is a particular problem in areas where rainfall is low, as is the case in the south east of 
England. The removal of water from the soil by plants leads to a reduction in soil volume, 
resulting in shrinkage of the ground and the resulting potential for stress on buried pipelines.
4.5.2.2. Electrical resistivity
Soil resistivity is a measure of the ability of a soil to resist electrical current, and therefore is 
an indicator of its corrosion potential. Resistivity is a measure of the soil electrolyte, which 
is an essential element of the corrosion process. Soils with a low resistivity result in a higher 
rate of corrosion, whereas soil with a high resistivity will inhibit corrosion. Typically, soil 
with a resistivity below 2,000 ohm-cm are considered to be aggressive, and soils with a 
resistivity below 1,000 ohm-cm, very aggressive (Ainsworth, 1985). Measurements of 
resistivity should be obtained in-situ, as resistivity may be affected by storage conditions.
4.5.2.3. Soil acidity
Ferrous pipes buried in highly acidic soil (pH <4.5) can suffer increased levels of corrosion. 
Soils acidity is related to soil type and also vegetation type. Acidity can be a particular 
problem in areas of ancient woodland and heaths.
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4.5.2.4. Soil aeration
The degree of aeration within a soil will affect the rate of corrosion of mains buried within it. 
In well aerated soils, the corrosion of un-protected ferrous water mains begins at installation. 
This usually results in the formation of a protective layer of corrosion products around the 
pipe, and a subsequent reduction in corrosion rate. Where mains are laid in poorly aerated 
soils, initial corrosion rates will be lower. However, a protective layer of corrosion products 
will not be formed around the main, and the corrosion rate will remain stable throughout the 
life of the pipeline, resulting in early failure. Such an anaerobic environment may be found 
in clay soils.
4.5.2.5. Soil moisture content
The moisture contained within a soil is an essential element of the corrosion process. Soils 
with moisture content above 20% are considered to be very corrosive (Jarvis et a l, 1994). 
Soil moisture content is affected mainly by the level of the water table, but will also be 
influenced by rainfall. Where no water table is present, the soil moisture content is fairly 
constant throughout the year, and variations will be due to soil clay content, permeability and 
vegetation. Other soil moisture related risks can include fluctuating ground water levels in 
major cities such as London and Birmingham due to changes in the patterns of water use. 
This changes the environment in which the pipe was laid, and where water has been 
introduced to an area could potentially cause floatation of the pipeline.
4.5.2.6. Soluble salt concentration
The presence of chlorides, or sulphates, within a soil can create a highly aggressive 
environment. The risk to the pipeline can be determined via measurement of sulphate and 
chloride concentration within a soil. Sulphate reducing bacteria can thrive in these 
conditions, creating potentially corrosive environments by reducing sulphates to sulphides, 
and resulting in an acidic, aggressive environment.
4.5.2.7. Soil corrosivity and soil fracture potential
The term ‘soil corrosivity’ refers to the ability of a soil to cause corrosive damage to the 
structural integrity of a pipe. The term ‘soil fracture potential’ refers to the ability of a soil
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to cause damage to the pipe through movement. Jarvis et al, (1997), developed soil 
corrosivity and fracture potential models to assess the potential of a soil to cause damage to a 
buried water main though either corrosion or movement. These models involved the 
measurement of a number of factors, known to affect the corrosion of ferrous metals buried 
within such a soil. The factors, suggested by Jarvis to be of particular importance, were:
Clay content;
Electrical resistivity;
Soil acidity;
Soil aeration;
Soil moisture content;
Soil variability;
Soluble salt concentration; 
Topography.
These were considered in Sections 4.5.2.1 to 4.5.2.6.
4.6. SUMMARY
The corrosion of buried ferrous mains is a complex multi-process phenomenon. It involves 
the loss of iron from the pipe wall, and a gradual reduction in structural strength. The extent 
to which the corrosion has affected the pipe wall can not be easily assessed with a visual 
inspection, as often no changes in the dimensions of the pipe will occur. The corrosion of 
ferrous mains is affected by the internal and external environment to which the mains are 
exposed. The internal condition is affected by the characteristics of the water being 
conveyed within the system, the external condition is affected by the soil characteristics.
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5. PIPELINE CONDITION ASSESSMENT
Condition assessment techniques are routinely used across the water industry to measure the 
extent of corrosion and predict the remaining life of parts of water distribution networks. 
Condition assessment techniques which can be applied to cast iron mains can be classified as 
being either destructive or non-destructive. This Chapter describes the methods by which 
the condition of ferrous water distribution mains can be assessed.
5.1. INTRODUCTION
The physical condition of a pipeline will affect its potential long-term serviceability and 
therefore impacts on the ability of a water utility to meet both its regulatory requirements, 
and the needs of the customer. The efficient management of water distribution networks 
requires an accurate knowledge of system condition to enable poor areas to be targeted for 
maintenance and the overall network performance improved. The condition of a water 
distribution network is related to its ability to provide an adequate level of service to the 
consumer. Poor network condition may result in an increased number of failures of the 
OFWAT prescribed seiwiceability indicators, thus affecting the overall performance of the 
utility, and triggering the need for asset investment (see Chapter 3).
Investment in water distribution systems requires accurate targeting of maintenance, to 
ensure that its long-term serviceability at worst remains constant or at best improves. 
Diminishing serviceability could be deemed by OFWAT to be the result of inappropriate 
maintenance targeting and financial penalties could be incurred. With increasingly 
demanding regulatory targets, understanding the structural condition of distribution networks 
is now essential to all future operations. The use of appropriate, and accurate, methods of 
condition assessment is therefore an integral part of regulatory reporting.
The condition of mains within a distribution system can be assessed by one, or several 
methods. These can be classified as being either destructive or non destructive. Destructive
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techniques involve the excavation and sampling of a section of water main to obtain an 
assessment of its condition. In contrast non-destructive techniques do not require a physical 
sample of the pipe under investigation to be excavated from the ground. Non-destructive 
techniques may operate from at, or above ground level, or may require exposure of the 
pipeline, but in either case the pipe remains in service. Alternatively, non-destructive 
techniques may involve an investigation of water main performance data to give an 
assessment of the condition of the main. These two categories of assessment methods will 
be discussed in turn, highlighting advantages and disadvantages of the approaches.
In 1995 the Construction Industry Research and Information Association (CIRIA, Dom et a l,
1996) conducted a survey of 48 water utilities, related to the use of condition assessment 
techniques within the water industry. One outcome of this survey was an overview of the 
usage and relative merits of various types of condition assessment technology, used on all 
types of water main. The techniques identified by Dom et al, (1996), via the survey, as 
being of use of in assessing the condition of ferrous water mains are listed in Table 5.
Table 5. Condition assessment techniques commonly used for ferrous water mains (Dom et
a l, 1996)
Category Condition assessment method
Non destructive testing
Visual assessment (CCTV and fibre-optics) 
Magnetic Flux inspection 
Ultrasonic inspection 
Performance surveys
Destructive testing Remaining life prediction
5.2. NON DESTRUCTIVE TESTING TECHNIQUES
Non-destmctive testing (NDT) can be used to assess the stmctural condition of exposed and 
buried pipelines, without having to disturb or damage the pipe. There are approximately 40
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methods of NDT, but only about one third of these are applicable to pipelines, and very few 
have been used successfully (Jackson et al., 1992). Non-destructive techniques may be 
above ground technologies, or may require exposure of the pipeline, though no material 
sample will be taken (Makar et a l, 1999; Jackson et a l, 1992; Skabo et a l, 1992). 
Alternatively, non-destructive techniques may involve the investigation of water main 
performance data to give an assessment of its condition (Kleiner et a l, 1999; Shamir et a l, 
1979; Lackington, 1991; Madiec, et a l, 1996; Quimpo et a l, 1997; Ray e ta l ,  1996).
5.2.1. Visual Methods
Visual methods of assessing the condition of water mains provide only a qualitative 
overview of the condition of the pipe. Defects such as cracks and be identified from the pipe 
surface using visual techniques, though these methods are not often used due to the 
requirement for a more detailed assessment of condition. Visual methods of condition 
assessment are used on-site, and may require exposure of a pipe. If a pipe section is to be 
excavated, visual methods can be employed within a laboratory environment, though in such 
instances cannot be classified as non-destructive. External visual inspection methods require 
exposure of the pipe to assess bedding, external encrustation and any leaks (Dom et a l,
1996). Intemal assessment of a main can be carried out non-destmctively using Closed 
Circuit Television (CCTV) cameras or fibrescopes inserted into the main (Dom et a l, 1996; 
Gros e ta l ,  1996).
5.2.1.1. Closed Circuit Television (CCTV)
CCTV technology is described by both Dom et a l, 1996 and Jackson et a l, 1992. It can be 
used to inspect the intemal condition of pipelines with a diameter over 60mm 
(approximately 2.5”). This method of assessment involves the insertion of a camera into a 
main. CCTV can be used in any pipe material, and allows the identification of tuberculation 
or cracks, though the information provided is qualitative rather than quantitative. The use of 
CCTV technology is expensive relative to other methods of condition assessment, as it is 
both time consuming and requires the main to be taken out of service (Dom et a l, 1996). 
CCTV technology is therefore rarely used for condition assessment of water mains, but is 
utilised frequently for inspection of completed pipeline rehabilitation (Warren Associates,
1996X
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5.2.1.2. Fibrescopes
Fibre-optic technology can be used in the same circumstances as CCTV, for the inspection 
of intemal pipeline condition. A fibrescope consists of a flexible tube containing fibre optic 
bundles which are inserted into the main, enabling detection of defects in the pipe surface 
(Dom et a l, 1996). The use of this technology in the water industry is minimal due to high 
cost and poor data quality. Fibrescopes can only be used to assess about 1.5m either side of 
the point of entry (Jackson et a l, 1992).
5.2.2. Ultrasonic methods
Ultrasonic assessment of structural pipeline condition involves the insertion of equipment 
into the main, and the generation of vibrations within the pipe wall, at ultrasonic frequencies 
(over 20,000 Hz) (Dom et a l ,1996). A  transducer is attached to the pipe wall, and a high 
frequency electronic pulse applied to the transducer. As a consequence a pulse of ultrasonic 
energy is transmitted into the pipe, and as the waves travel through the pipe wall, they are 
reflected, or scattered, at any discontinuity, such as a crack, or graphitised area.
Ultrasonic techniques are widely employed in the stmctural condition assessment of sub-sea 
pipelines. Instmments known as ‘pigs’ (Pipe Inspection Gauge) use ultrasonic technology 
for stmctural condition assessment of pipelines. A high resolution intelligent ‘pig’ (smart 
pig) is inserted into the pipeline and used to pass the ultrasonic transducers through the 
pipeline. This can be used to detect flaws or measure wall thickness as it travels through the 
pipe. Smart ‘pigs’ can accurately detect, size and locate corrosion damage and cracks within 
a pipeline (Anon, 1994). Ultrasonic testing is not generally used within the water industry 
due to water quality issues resulting from contact with the pipe wall. When ultrasonic 
testing is applied to water mains it is generally reserved for larger diameter pipes. This is 
due to the time and preparation required to assess a small section of main, making the 
technique expensive in relation to other methods of assessment.
5.2.3. Magnetic flux technology
Magnetic flux technology is used by the oil and gas industry for the intemal inspection of 
iron and steel pipelines (Hobbs, 1997; Rajani et a l, 2000). An extemal condition 
assessment tool, known as ECAT has been developed by Advanced Engineering Solutions
38
Ltd (AES) for use on water distribution mains. The technique allows a measure of the 
remaining wall thickness, and therefore the degree of corrosion damage that has occurred on 
a pipe, to be established. Measurement can be made without either removing a section of 
pipe, or inserting an instrument into the main.
The application of the magnetic flux technique to small diameter water mains requires the 
exposure of a section of main, and therefore requires a hole to be excavated. This technique 
would therefore incur environmental and economic costs, as these are related to the road 
closure, excavation and associated traffic disruption that are necessary to employ this 
technique.
5.2.4. Performance data
The use of performance data in the assessment of water distribution systems is described by 
Evins et al. (1989). Data related to the performance of a pipeline may include water quahty, 
hydraulic performance, interruptions to supply, leakage or bursts (Glasbrook, 1994). The 
analysis of pipeline performance data can provide information related to network condition 
(Quimbo et al., 1997). The use of performance data for the prediction of water main 
condition is often associated with the use of geographical information systems (GIS) 
(Glasbrook, 1994; Karamouz, 1991; Moutal, et al., 1991; Jacobs, 1993; Kulkami, et a l, 
1990; Conroy et a l, 1995; Murillo, 1989) and databases (Alhumoud, 1990; Kane 1995; 
Habibian, 1992). An assessment of the performance of a particular section of a water 
distribution network can be used to provide an indication of network condition. Poor 
performance of a pipeline in terms of indicators such as increasing burst rate, or leakage, 
may be caused by deteriorating condition. Poor performance can also be caused by other 
extemal influences such as soil conditions (Jarvis et a l, 1996; Oliphant, 1987; Lyon, 1996; 
Jarvis et al., 1994), ground movement (Bughi, 1986), source of water supply (Williams, 
1986), or installation practices (Versanne, 1987). Condition assessment methodologies 
employed in Moscow, Russia (Dyachov, 1994), Philadelphia, USA (Ciottoni, 1983), and 
Winnepeg, Canada (Coulter, 1989) involve the use of performance data to predict water 
main condition. Water main break rates in particular are used for predictive condition 
assessment purposes. Interpretation of performance data as a measure of condition should 
therefore also include a consideration of factors which may cause poor network performance.
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The accuracy of any such a technique for assessing the condition of a water main will be 
critically affected by the quality of the data collection programme. The use of performance 
indicators as the sole assessor of condition may produce misleading results (Kleiner & 
Rajani, 1999). The performance of a main will be determined by a number of factors, such 
as the quality of the material, or the intemal and extemal stresses which the pipe experiences. 
Any assessment of the likely serviceability could be improved by the combined use of 
information regarding condition, performance and the stress environment.
5.3. DESTRUCTIVE TESTING TECHNIQUES
The most popular method of condition assessment within the UK water utilities, for small 
diameter distribution mains is destmctive testing. Destmctive testing techniques for use on 
water mains involve the excavation and testing of water main samples for corrosion damage 
(De Rosa, 1997; Dean et a l, 1997). Destmctive testing of water mains as a method of 
condition assessment involves the excavation and testing of water main samples for 
corrosion damage, and prediction of remaining service life. The degree of corrosion damage 
is assessed by measurement of pit depth (Dempsey et a l, 1986, Oliphant, 1999, Sheikh et a l, 
1990). These measurements are then used, together with wall thickness, and age estimations 
to calculate the rate at which the pipe is corroding. The predicted remaining life is then 
estimated using corrosion rate and pipe age. This technique is discussed in more detail in 
Chapters 6 and 7.
5.4. SUMMARY
The physical condition of a water main will affect its ability to maintain supply to customers. 
Efficient management of a water distribution network requires an accurate knowledge of 
system performance to enable maintenance to be targeted and serviceability to be maintained. 
Inappropriate maintenance targeting as a result of a lack of understanding of network 
condition may incur financial penalties from OFWAT.
Condition assessment techniques are widely used across the water industry to determine 
pipeline condition, and can be either non-destructive or destructive. Non-destructive
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techniques may operate from at or above ground level, but do not require the excavation of a 
pipeline. Destructive testing techniques require the excavation of a sample of water main to 
enable the prediction of remaining life.
Four methods of non-destructive testing techniques are generally applied to water mains. 
Visual methods such as CCTV and fibrescopes are used within water mains to inspect the 
intemal condition of the system, though are of limited use due to the nature of corrosion of 
ferrous mains. Ultrasonic techniques are used to measure the loss of metal on a pipe wall 
due to corrosion. This technique is generally reserved for larger diameter or strategic mains 
where the consequences of failure are higher, due to the cost and time required to carry out 
the assessment. Magnetic flux technology is also employed for water mains condition 
assessment to gain a measure of remaining wall thickness. As with ultrasonic techniques, 
magnetic flux assessment is expensive and generally reserved for larger diameter and 
strategic mains. Performance data can be used for assessing pipeline condition. Data 
which may be useful includes that related water quality, hydraulic performance, interruptions 
to supply or leakage and burst locations. The accuracy of the use of this data will be affected 
by the quality of the data collection programme, and should be used in conjunction with 
other available information, such as the stress environment and the quality of the material.
Destructive condition assessment techniques are the most commonly used methods within 
the water industry for small diameter non-strategic water mains. These involve the 
excavation and testing of a small section of water main, and the prediction of remaining life 
based on depth of corrosion pits, wall thickness and pipe age. This technique is discussed in 
detail in Chapters 6 and 7.
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6. REMAINING LIFE PREDICTION
This Chapter describes the method of pipeline condition assessment which is most widely 
used across the UK water industry. Two variations of the technique are compared, and the 
differences between them established in terms of their resulting predicted remaining life, and 
their sensitivity to data accuracy. The differences between the methods are considered with 
respect to the differences in decision making that may occur as a result of one of the 
variations in the technique.
6.1. INTRODUCTION
In 1986, the WRc (Water Research centre) developed a method of assessing the condition of 
ferrous water mains. The purpose of the technique was not to provide a precise 
quantification of remaining service life. Instead it aimed to provide an assessment of the 
condition of the main, allow an estimate of the likely remaining service life to be made, 
enable identification of potential problem mains, and, to allow comparison to be made 
between mains to enable prioritisation of maintenance.
The condition assessment technique involves the excavation and shot-blasting of a 500mm 
long section of water main to remove all corrosion products from the intemal and extemal 
surfaces, exposing the pitted pipe surface (Dempsey et a l, 1986). The depth of the corrosion 
damage, formed by the graphitisation of the pipe wall, is then measured. The pit depth 
measurements are used to assess the overall condition of the pipe sample, and predict the 
remaining life of the main which is in use. Prediction of remaining life is based on 
maximum pit depth, the remaining wall thickness, and an assumed installation date.
A variation of the WRc method was later developed by Warren Associates (WA) (De Rosa,
1997). This involved the use of a similar method of destmctive testing, though different 
assumptions were used when predicting the remaining life of the pipe. Further variations of 
this methodology for remaining life prediction have been developed by other organisations
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such as Staffordshire University (Dean et a l, 1997), which has minor variations from the 
WRc methodology.
In the present study, the methods used by WRc and WA have been compared to identify 
differences in the assumptions made and the techniques used to predict remaining pipeline 
life. The general assumptions made within each methodology were investigated, and the 
accuracy of the techniques used for measuring corrosion damage were assessed.
6.2. THE METHODS
The aim of both the WRc and the WA methodologies is to give an estimate of remaining 
useful pipeline life, based on the degree of corrosion of an excavated sample of main. 
Excavated water main samples are typically 500mm in length.
The WRc and WA methodologies use shot-blasting methods in an attempt to remove all 
corrosion products from the pipe section. This allows an assessment of the general condition 
of the remaining section of the pipe wall, and the degree of corrosion damage which has 
occurred. The procedures comprise:
Stage 1. Inspection and measurement of a section of water main, as exhumed.
Stage 2. Splitting of the pipe section longitudinally into a ‘crown’ half and ‘invert’ half 
using an abrasive wheel or saw, and shot-blasting of all surfaces (Figure 8).
Stage 3. Inspection and measurement of the split, shot-blasted water main sample.
Stage 4. Estimation of the remaining life of the section of water main which is left in service, 
using measurements obtained from the excavated specimen, in Stages one to three.
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End view 
of water 
main
Crown section
Invert section
Figure 8. Longitudinal split of pipe section used in WRc and WA methods.
6.2.1. Stage 1. Inspection and measurement as exhumed
Both the WRc and WA methods involve a similar assessment methodology including:
• Measurement of basic dimensions (length, diameter);
• The identification of any holes, and measurement of depth and width;
• Assessment and confirmation of material type;
• A general description of pipe condition, noting such things as the presence of
tuberculation, linings, etc;
• The degree of tuberculation;
• Measurement of remaining wall thickness.
The WRc method also includes an assessment of the remaining bore area within the pipe 
sample.
The main difference between the as-exhumed inspection methods used by the WRc and WA 
occur in the assessment of degree of tuberculation. This property is evaluated in each 
method using a tuberculation code. Diagrams are supplied to enable pipes to be assigned to 
each category (code) with greater ease. The tuberculation codes are however, different. The 
WRc code ranges from A to F, with the following interpretation of each grade (Dempsey et 
al, 1986):
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A - No significant encrustation
B - Slight tuberculation, giving a rough surface, with no substantial reduction of 
cross-sectional area 
C - Pipe approximately 20% blocked by encrustation 
D - Pipe approximately 40% blocked by encrustation 
E - Pipe approximately 60% blocked by encrustation 
F - Pipe approximately 80% blocked by encrustation
The WA tuberculation code ranges from 1 to 5, the interpretation of each grade is as follows 
(De Rosa, 1997):
1 - Smooth
2 - Slight
3 - 0-20% blocked
4 - 20 - 40 % blocked
5 - > 40 % blocked
The tuberculation code from condition assessment reports using different methods are 
therefore partially, but not directly comparable. The process of tuberculation development is 
discussed in Section 4.4.1.
6.2.2. Stage 2. Splitting of pipe section and shot-blasting of all surfaces
This procedure involves splitting the pipe section horizontally along the longitudinal axis to 
give a ‘crown’ and ‘invert’ section (Figure 8). These halves are then shot-blasted on the 
intemal and extemal surfaces to remove all corrosion product and graphitisation. The shot- 
blasting process is carried out in three stages (Dempsey et a l, 1986). The first stage 
involves general shot-blasting over both halves of the pipe section, to remove all surface 
corrosion deposits. In the second stage the pipe is placed in a humid environment, enabling 
the porous graphite to absorb moisture, making the graphitised areas darker and more visible. 
Finally, the pipe section is shot-blasted a second time, concentrating on the darker, 
graphitised areas. This procedure is similar in both the WRc and WA methods, though the 
WRc recommend that the ends of the pipe remain un-shot blasted to give a surface from 
which pit depths can be measured (Figure 9). This is achieved by applying strong adhesive
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tape to the ends of the pipe during the shot-blasting process, protecting that part of the pipe 
from the shot. The shot-blasting process is known to produce an average metal loss of 
0.0126mm per minute on an un-corroded cast iron surface (Dempsey et a/., 1986). The use 
of the shot-blasting process for the removal of the graphitised corrosion product from the 
pipe wall is discussed in Section 7.5.
6.2.3. Stage 3. Inspection and measurement of the shot-blasted sample
The post shot-blasting inspection involves a general assessment of the remaining metal 
condition. If any holes are present, i.e. if full wall corrosion has occurred, the remaining hfe 
is assumed to be zero, and no further measurements are taken. If, however, there are no 
holes, then measurements of wall thickness and pit depths are taken in each case.
There are a number of differences between the measurements used by the WRc and WA for 
assessing the condition of a shot-blasted pipe cut-out.
6.2.3.1. Wall thickness measurements
The WRc measure the five thinnest sections of metal over the entire cut-out, using callipers 
to locate the thinnest areas. Recorded with these measurement is the depth of any corrosion 
pit which contributes to the loss of metal, and whether that corrosion is on the intemal or the 
extemal surface. Where holes are present, these are recorded as having a remaining metal 
thickness of zero (Dempsey & Manook, 1986).
The WA method uses twenty measurements of wall thickness, ten on each of the crown and 
invert sections. These measurements are taken from the ends of the pipe section, which have 
been protected from the shot-blast media, and are measured using a micrometer (De Rosa,
1997).
6.2.3.2. Pit depth measurement
The WRc measure the five deepest pits on both the intemal and extemal surfaces of crown 
and invert sections, making a total of twenty pits. Pit depths are measured from the un-shot- 
blasted surface, to enable the full depth of the pit to be recorded (Figure 9).
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The WA method measures the deepest twenty pits on both the intemal and extemal surfaces 
of crown and invert sections, making a total of eighty pits. If twenty pits are not present on 
any surface, a default value is used to ensure that a total of twenty pit depths are inputted for 
each surface. Default values of 0.5mm and 0.1mm are used for cast and ductile iron 
respectively. These default values are necessary to ensure that the remaining life 
approximation is not infinite, as would result from a smooth pipe. The WA method 
measures pit depths from the shot-blasted surface (Figure 9).
Extemal surface
Intemal surface
Where a^  = Loss of extemal wall thickness 
ai = Loss of intemal wall thickness 
b = WRc extemal pit depth 
c = WA extemal pit depth 
d = WRc intemal pit depth 
e = WA intemal pit depth 
f = British Standard wall thickness 
g = Original as-built wall thickness 
h = Post-shot-blasting wall thickness 
i = Remaining wall thickness to assumed failure
Figure 9. Schematic cross section through pipe wall, showing dimensions used in the WA
and WRc methodologies
6.2.4. Stage 4. Prediction of remaining life
The remaining life of the main from which the sample is taken is estimated using the 
information gathered from the condition assessment. The WRc and WA methods use the 
same basic equation, but the assumptions made in each method are different.
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6.2.4.1. The WRc equation
  ~ z - t  - Equation 1 (Randall-Smith er a/., 1992)
b + d
Where (refer to Figure 9):
p = Remaining life (in years) 
t = Age of the main (in years)
z = Assumed original pipe wall thickness (either f or g) (in mm) 
b = Extemal pit depth (in mm) 
d = Intemal pit depth (in mm)
Eour assumptions underlie the WRc method. Firstly, that failure occurs when through wall 
corrosion occurs, that is when z-(b-i-d) = 0, or i=0, and that the deepest intemal and extemal 
corrosion pits line up (Figure 9), giving the worst case scenario. Secondly that pipe age (t) is 
known. Thirdly, that accurate estimates of original wall thickness can be taken from the pipe 
section, and when the pipe is in poor condition and measurements can not be taken, they can 
be assumed from British Standards. The final assumption is that corrosion begins at the time 
of installation, and continues at a linear rate throughout the life of the pipe. In addition to 
these theoretical assumptions, both methods assume that the shot-blasting technique removes 
all corroded material.
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Where a = Loss of wall thickness 
b = External pit depth 
d = Internal pit depth 
z = Pre-shot-blasting wall thickness 
i = Remaining wall thickness to assumed failure
Figure 10. Schematic cross section through the wall of a water main showing dimensions
used within the WRc equation
6.1Â.2. The WA equation
[ ( / Z  —  V T  m i n )  —  ( C  +  g ) ] r
{c + e)
- Equation 2 (De Rosa, 1997)
Where (refer to Figure 10):
p = Remaining life (in years) 
t = Age of the main (in years) 
h = Post shot-blasting wall thickness (in mm) 
c -  Maximum external pit depth (in mm) 
e = Maximum internal pit depth (in mm)
Wmin = Minimum wall thickness required to sustain system pressure 
and flow rate
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Figure 11. Schematic cross section through pipe wall showing dimensions used within the
WA equation
Wmin is used to compensate for the local increased hoop stress resulting from the reduction in 
wall thickness caused by the corrosion process. Wmrn for a particular pipe diameter, at a 
given pressure can be calculated using the following equations;
Hoop stress = (7 - FrD
2W
- Equation 3
Where a  = Hoop stress
Pr = Internal system pressure 
D = Pipe internal diameter 
W = Wall thickness
The minimum wall thickness that can be tolerated (W^in) can be calculated using: 
PrD
W mm = ——  - Equation 4
2cr
Taking o  as 20Nmm'^ and Pr as 4 bar and 10 bar, values of W^in are listed in Table 6.
Table 6. Minimum wall thickness necessary to withstand system pressure (De Rosa, 1997)
Pipe Diameter
3”
75mm
4”
100mm
5”
125mm
6”
150mm
7”
175mm
8”
200mm
W j n in 4 bar 0.75 1.0 1.25 1.5 1.75 2.0
Wmin 10 bar 1.88 2.5 3H3 3 J5 438 5.0
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The WA method is based on four assumptions. Firstly, that the deepest internal and external 
pits line up (Figure 10), and failure occurs when the remaining wall thickness is equal to 
Wm,n, that is when g-(b+d) = Wmin, or i= Wmm- Secondly that pipe age (t), is known. Thirdly, 
that post-shot-blasting wall thickness minus pit depth, h-(c-i-e) (Figure 11) is representative 
of the degree of corrosion, and finally that corrosion begins at the time of installation and 
continues at a linear rate throughout the life of the pipe.
Ô.2.4.3. The general equation 
The general equation for predicting the remaining life of a section of water main is based on 
the assumptions that the corrosion will begin at the time of installation, and will continue at a 
steady state throughout the life of the pipe. The corrosion rate is calculated by dividing the 
combined maximum internal and external pit depths (Figure 10), by the assumed age of the 
main, to obtain an average rate of corrosion over the lifetime of the pipe. The length of time 
which the pipe would take to fail, from initial installation, is then calculated by dividing the 
wall thickness by the corrosion rate:
y
Corrosion rate = — - Equation 5
w 1w
Time to failure = -----  = —  - Equation 6
y / f  y
This represents the approximate time to failure, from installation. The approximate age of 
the pipe is then subtracted from this value, to give the remaining life of this section of main. 
These equations are therefore both of the same form, and can be rewritten as;
tw
p — - 1
y  - Equation 7
Where p = Remaining life (in years) 
t = Age of the main (in years)
y = Combined maximum internal and external pit depths (mm) 
w -  Wall thickness
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Note that w can either be assumed to be the original wall thickness in the case of the WRc (f) 
method, or post shot-blasting wall thickness in the case of the WA approach (h. Figure 9). 
Differences also occur in assumed time of failure. The WRc method assumes that failure 
occurs when W=0, while the WA approach assumes that failure occurs when W=Wmin.
It is recommended by both the WRc and WA that the maximum pit depths are used in 
Equations 1 and 2 to give the worst case scenario. If however, the remaining life prediction 
is considered to be non-representative of the pipe section in question, the calculation should 
be repeated, using mean pit depths, to give an average predicted remaining life. An estimate 
may be considered to be unrealistic if only a small number of deep pits are present, making 
the probability of them lining up minimal.
6.3. THE DIFFERENCES BETWEEN THE WRC AND WA METHODS
The differences between the WRc and WA methods are concerned with measurement of 
wall thickness and pit depths and their use within the equations. Though the forms of the 
equations are similar, these differences affect the outcome of the remaining life prediction. 
Chapter 7 considers the effects of the differences in measurement techniques and 
assumptions made.
6.3.1. Pit depth measurements
The WRc method involves the measurement of 5 pit depths on each of the four surfaces 
(crown and invert and internal and external (Figure 8)) giving a total of 20 pit depths per 
pipe section. These measurements are taken from the pre-shot-blasted pipe surface which is 
protected at the ends of the pipe sample during the shot blasting process (Dempsey & 
Manook, 1986).
The WA method assumes that the structural strength within the pipe originates entirely from 
the thickness of the sound metal and does not take into account any strength contribution 
originating from the graphitised corrosion product. Measurements of pit depth are taken 
from the shot-blasted pipe surface, with 20 measurements being taken from each of the four 
surfaces, the internal and external surfaces of the crown and invert sections, making a total
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of 80 pit depth measurements from each pipe sample. Where fewer pits are present on each 
surface, default values are used to ensure that a total of 80 pit depths values are used in the 
subsequent analysis. These default values are also used when calculating average pit depths, 
resulting in average values used in calculations being lower than the true average.
6.3.1.1. Measurement guidelines for pit depths 
The two methods of measuring pit depth can affect the predicted remaining life of the pipe 
section. The following example illustrates the differences in remaining life prediction which 
can be achieved with three different degrees of pitting on a pipe section (Equation 7). The 
different degrees of pitting used in the analysis were slight pitting, represented by a 
maximum pit depth of 0.5mm, average pitting, represented by a maximum pit depth of 2mm,
and severe pitting represented by a pit depth of 3.5mm. All pits are assumed to have been
measured from the original wall surface. Compensation has therefore been made within the 
WRc methodology to account for the difference that would be seen in actual measured pit 
depth. This was achieved through the addition of an assumed loss of pipe wall thickness, 
resulting from the shot-blasting of a corroded pipe, to the pit depth used in the WA method. 
A summary of results are presented in Table 7.
Assumptions: 75mm (3”) Cast iron pipe
Pre-shot-blasting wall thickness = 10mm
Age of main = 70 yrs
British Standard wall = 9.6mm
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Table 7. Summary of differences in remaining life approximations achieved from the WRc 
(Equation 1) and WA (Equation 2) methodologies
Degree of 
corrosion
Method
Assumptions
Life
(yrs)
Pit
(mm)
Combined 
pit (mm)
Wall
loss
(mm)
Combined 
wall loss 
(mm)
Post S-B 
wall 
(mm)
Slight
WRc 0.5 1 0 0 n/a 602
WA 0.5 1 0 0 9.6 577
Average
WRc 2 4 1 2 n/a 98
WA 1 2 1 2 8 184
Severe
WRc 3.5 7 2 4 n/a 26
WA 1.5 3 2 4 6 53
The example in Table 7 highlights a major difference between the two methods. The 
equations are of a similar form, but the resulting remaining life prediction can be 
substantially different. This is due to methods of measurement, and the assumptions made in 
the calculations. In the condition assessment process for water main rehabilitation 
programmes, the remaining life estimate will be used to decide which rehabilitation option 
should be used in each case. Guidelines for prioritisation for rehabilitation or replacement 
are set out by OFWAT, according to an assumed need for maintenance within the immediate, 
short, medium or long term (Chapter 3). Where the predicted remaining life falls below a 
threshold value, pipes are deemed to be in need of immediate attention or, will require 
attention in the near future, so may be rehabilitated, or replaced. Assuming a threshold value 
for action of 30 years in the example above, and assuming severe corrosion has occurred the 
decision made within the rehabilitation program would have been different depending on 
which assessment method was used. Use of the WRc equation would result in the 
rehabilitation or repair of the main, and use of the WA method would result in no action 
being taken.
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6.3.1.2. The use of default values by WA 
Pit depth measurements taken in the WA and WRc methods differ, not only in the methods 
used to obtain the depths, but also in the quantity of measurements, and the use of default 
values by WA. These default values are useful when calculating the remaining life of an un­
corroded main, as they insure that the remaining life of any section of main will not be 
predicted as infinite, due to the structure of the equations (Equations 1 and 2). However, 
both WA and WRc recommend that in certain circumstances, average pit depths should be 
used. Average pit depth should be used if only a small number of deep pits are presents. In 
such an event, the probability of the pits occurring at the same point on the pipe would be 
small and the maximum pit depth would provide an inaccurate estimation of remaining life. 
In the WA method, the averages are calculated using all 20 pit depths, including any defaults 
that were used. Where default values are included in the averages, the result is the calculated 
average pit depth, and therefore the corrosion rate, being lower than the true average. The 
result is a higher value of average remaining life being predicted, and therefore a more 
favourable picture of system condition, i.e. the methodology does not result in a conservative 
estimate of remaining life. Table 8 illustrates the differences in average pit depths that were 
calculated when using default values. These calculated averages were taken from a sample 
of 15 pipes for which the condition assessment procedure had been carried out to WA 
specifications. All 15 pipe sections had default values for pit depth measurements. The 
average remaining life of these 15 samples will be affected by the use of defaults pit depths, 
in the calculation of average pit depth. The difference between the predicted remaining life 
which would result from the use of measured pit depth, and that which was generated using 
default pit depths was investigated. The average pit depth on a pipe section suffering from a 
small number of deep pits, and therefore including numerous default values, would be 
significantly lower than if the average pit depth were calculated using measured pit depths 
only. There can be up to 40 default values used in the calculation of average internal or 
external pit depth. The default values used were 0.1mm for ductile iron and 0.5mm for cast 
iron. The effect of the reduced calculated average pit depth will only be seen if the pipe 
section has at least one measured pit.
The average pit depth may be used in the calculation of remaining life if the minimum 
remaining life, calculated using maximum pit depth is considered to be unrepresentative of 
the general condition of the main. This would occur if the pipe is suffering from a small
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number of deep pits. In this case the average pit depth is likely to include a number of 
default pits, and the resulting remaining life prediction would be skewed towards an 
unrealistically high predicted life. The differences which occur due to the use of default 
values are therefore significant. The WRc also recommend that average pit depths are taken, 
but no default values are used in their calculations. The use of default values in calculating 
average pit depths would further exaggerate the differences between average predicted 
remaining life, calculated using either the WA or the WRc methodology. Not only are pit 
depths measured from the post-shot-blasting wall thickness and so would be shallower than 
the true pit, but the average depth would be reduced further by the use of defaults. The 
results of the investigation into the differences between calculated average pit depth using 
measure values and default values are presented in Table 8.
Table 8. Difference observed in average pit depth calculations caused by the use of defaults
pit depth values.
Pipe
no
Average pit 
depth 
(40 pits 
including default 
values) 
(mm)
Average pit 
depth 
(no default 
values) 
(mm)
Difference
between
averages
(mm)
Difference
between
averages
(%)
1 0.7 1.8 1.0 57.7
2 0.8 1.4 0.6 43.0
3 1.1 1.8 0.6 363
4 0.6 1.0 0.5 45.0
5 1.5 2.0 0.5 263
6 0.9 1.2 0.3 2&0
7 0.5 0.7 0.2 253
8 1.0 1.2 0.2 20.4
9 0.6 0.9 0.2 283
10 0.6 0.6 0.1 12.7
11 0.5 0.5 0.0 0.0
12 0.8 0.8 0.0 0.0
13 0.8 0.8 0.0 0.0
14 1.0 1.0 0.0 0.0
15 1.0 1.0 0.0 0.0
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The results in Table 8 demonstrate the reduction in pit depth which occurs with the use of 
default values. In two thirds of the pipe sections the use of default value has an effect on 
average pit depth. The effect on remaining life would be dependent on the material and age. 
Large changes in predicted remaining life would only occur when mains are in good 
condition, and so no change in the intervention option used would occur.
6.3.1.3. Wall thickness assumptions 
The accuracy of wall thickness measurements used in the WA and WRc methods is an 
important parameter. This measurement will affect the accuracy of estimates regarding 
degree and rate of corrosion, which is the basis of the equations. There are two main 
differences in the assumptions made by the two methods, these are related to time of pipe 
failure, and assumed wall thickness when calculating remaining life. These differences will 
be considered in turn highlighting further differences between the two methods.
6.3.1.3.1. Time to failure o f a pipe section 
Failure of a pipe occurs when it is no longer capable of conveying water at the desired 
pressure, and flow rate, usually due to reduced wall thickness or a burst. The abihty to meet 
these requirements will depend on remaining pipe wall strength, and therefore degree of 
corrosion penetration within the wall. The WRc and the WA methods differ in their 
assumptions of when failure will occur. The WRc method takes into account the structural 
strength of graphitised iron. A fully graphitised pipe is still able to convey water assuming 
that no additional external stresses are inflicted on the pipe, by for example, ground 
movement. The WRc method therefore assumes that failure will occur only when the pipe is 
suffering from full wall graphitisation. The WA method does not consider any pipe wall 
strength originating from the stmctural strength of the graphitised metal, and assumes that 
when the hoop stress, the stress exerted by the water within the pipe on the pipe wall, 
exceeds the stmctural strength of the sound metal remaining within the wall, the pipe will 
fail. The values of the minimum wall thickness required to sustain system pressure, Wmin are 
given in Table 6.
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6.3.1.3.2. Assumed wall thickness 
The measurement used for pipe wall thickness differs between the WRc and WA methods. 
WRc use either the estimated original wall thickness, taken as the pre-shot-blasting wall 
thickness from the actual pipe sample, or an assumed original wall thickness in older pipes 
where wall thickness was not controlled. The assumed wall thickness is used when the pipe 
under assessment is in poor condition, and an accurate measure of pre-shot-blasting wall 
thickness can not be achieved due to corrosion build up. In this case, the WRc assume the 
original pipe wall thickness to be equal to the wall thickness given in the relevant British 
Standard. The accuracy of this assumption in discussed in Section 7.4.
The preferred and most accurate method of obtaining the original wall thickness of the pipe 
is to measure the pre-shot-blasting wall thickness. The corroded areas are difficult to 
identify because the graphite occupies the space which was previously taken up by the iron. 
This wall thickness measurement would therefore give a more accurate indication of the 
thickness of the original wall, rather than assuming that all pipes of a given age and diameter 
are of the same dimensions.
It may not be possible to predict accurately the original wall thickness of older pipes using 
British Standards alone, in all cases. This may be due to one of two factors. Firstly, the lack 
of controls in the casting process resulting in the wall thickness of a section of pipe often is 
highly variable. Secondly, it may be due to the British Standard. When the first British 
Standard was introduced in 1917, it was designed to ensure that all pipes manufacturers 
conformed to the standard with out having to change any manufacturing processes. This 
resulted in the British Standard wall thickness regulations for cast iron pipes being 
significantly thinner than many pipes being cast at the time. As the manufacturing processes 
improved, the standards became more stringent, and later standards for ductile iron closely 
reflect actual wall thickness of pipes in service.
The structural strength of a water main, and therefore its abihty to resist stresses resulting 
from the pressure within the system, and that exerted from its external environment is 
dependent on the wall thickness. The WA methodology uses the post-shot-blasting wall 
thickness in their equation (Fquation 2), as they assume that any graphitised corrosion 
product has no structural strength. The use of the post shot-blasting wall thickness provides
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a measure of the thickness of the sound metal within the pipe wall and so does not take into 
account any addition wall thickness and strength which may be provided by the 
graphitisation. The use of the post shot-blasting wall thickness within the WA methodology 
leads to differences in the predicted remaining life, between the WA and the WRc 
methodology. The assumptions related to the estimation of original wall thickness and the 
predicted point of failure of a water main will lead to differences between the predictions.
The differences between the predicted remaining life calculated using the WA and WRc 
methodologies for 16 pipe samples are presented in Table 9. Table 9 also presents the 
differences in remaining life which occur when using different assumptions within the WRc 
methodology. This also illustrates the effect of using different wall thickness measurements, 
progressing from use of British Standards, through pre-shot-blasting and post-shot-blasting 
wall thickness to the WA method of using post-shot-blasting wall thickness minus Wmin- 
From all available data, it can be seen that approximately one third of all remaining life 
predictions in this case would result in different decisions being made within the 
rehabilitation programme.
Table 9. Differences in remaining life resulting from different assumptions
Remaining life (years)
Diameter Method Method Method Method
(mm) 1 2 3 4
75 25 26 -15 -23
75 -10 13 -25 -28
75 Ï -13 -24 -30
75 1 17 -18 -23
75 34 17 1 -8
100 28 8 7 2
100 69 34 34 25
100 644 405 415 345
100 552 386 359 299
100 57 66 18 6
100 12 4 3 0
150 141 91 82 57
150 182 122 113 83
150 50 23 19 6
150 159 99 103 75
150 82 61 59 45
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M ethod  1 W Rc m eth o d o lo g y  usin g  British S ta n d a rd  wall th ic k n e ss
M ethod  2 W Rc m eth o d o lo g y  u s in g  p re -sh o t-b la s tin g  wall th ic k n e ss
M ethod  3 W R c m eth o d o lo g y  u s in g  p o s t-sh o t-b la s tin g  wall th ic k n e ss
M ethod  4 W Rc m eth o d o lo g y  usin g  p o st-sh o t-b la s tin g  wall th ic k n e ss , a s su m in g  failu re  o ccu rs  W „
6.4. CONSEQUENCES OF THE DIFFERENCES BETWEEN THE WRC 
AND WA METHODOLOGIES.
The differences between the WRc and WA remaining life prediction methodologies are 
described in Section 6.2. The differences between the assumption made, and the equations 
used (Equations 1 and 2) result in different predictions of remaining life for the same pipe 
section, depending on which method is employed.
To determine the extent of the difference in remaining life predictions which results from the 
use of both the WA (Equation 2) and the WRc (Equation 1) methodologies, 30 sections of 
pipe were compared. The data selected for use in this investigation originate from samples 
taken as part of the pipeline rehabilitation programme. 30 pipe sections were identified. 
Selection of these pipes was based entirely on diameter and material, and a consideration of 
condition was not included. All pipe sections selected were small diameter (75mm to 
300mm) vertically cast or spun iron mains. Remaining pipeline life was calculated using the 
WA and WRc methodologies (Equations 2 and 1 respectively). For the purpose of this 
investigation it was assumed that the original pipe wall thickness is as given in the relevant 
British Standard. This is due to the age of the material, and the likely presence of corrosion 
deposits on the internal and external surface.
The results of this investigation are presented in Table 10. The differences between the 
remaining life prediction originating from the WA and WRc methodologies are quantified in 
years. The remaining life predictions are also examined to determine whether the changes 
would result in differences in the OFWAT condition grade (based on the criteria outlined in 
Table 2), and also whether the resulting differences would have an impact on the decisions 
made regarding rehabilitation requirements. The pit depths used in both the WRc and WA 
methods were those as measured by WA.
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Table 10. Table illustrating the differences in remaining life predictions achieved from the
WA and WRc methods
Pipe ID Age (t) (yrs)
p(WA)
(yrs)
p (WRc) 
(yrs)
p (WA) - p 
(WRc) 
(yrs)
Condition
grade
change?
Rehab
change?
18744 93 355 234 121 No No
10035 100 119 25 94 YES YES
18712 150 84 -3 87 YES YES
8757 150 165 91 75 No No
18668 150 317 253 63 No No
18488 90 102 43 59 No No
8709 100 187 128 59 No No
10015 100 73 17 56 YES YES
4513 90 159 103 56 No No
18442 100 153 103 50 No No
18478 100 76 30 46 YES No
18716 150 85 39 45 YES No
18777 150 171 127 45 No No
9248 100 177 132 45 No No
8060 100 188 143 45 No No
4816 60 130 90 40 No No
18492 90 84 59 25 No No
18692 100 6 -18 24 YES No
4313 60 81 72 9 No No
9505 100 104 95 9 No No
4327 90 87 85 2 No No
9118 150 244 255 -11 No No
18534 100 61 78 -17 No No
9211 53 50 70 -19 No No
18406 93 141 190 -49 No No
18414 100 94 173 -79 No No
18662 90 333 581 -248 No No
18517 150 734 1002 -268 No No
4456 150 1061 1717 -656 No No
The results of the investigation into the predicted remaining life originating from the WA 
and WRc methodologies demonstrated the extent of the differences between the results. The 
results highlighted in red within Table 10 are those which would impact upon the condition 
grade assigned to the main from which the section originated, or would result in differences
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within decision made within the rehabilitation programme. All of the 30 pipe sections 
identified yielded different remaining life predictions according to whether the WA or WRc 
methodology was employed, and in 80% of the results, the difference was greater than 20 
years. In 6 of the pipe sections, which is 20 % of the sample set, the differences between the 
WA and WRc methodologies would result in a different OFWAT condition grade being 
assigned. In particular, 3 pipe sections (pipe ID numbers 10035, 18712, 10015) gave 
different remaining life predictions depending on which of the WA or WRc methodologies 
were used. The results in this case would cause very different decisions to be taken in the 
rehabilitation programme, and so have been investigated further to identify why these 
differences occurred.
Pipe no. 10035
Age 70 years
Diameter 100mm (4”)
Material Cast iron
Pre shot blasting wall thickness 16.21 mm
Post shot blasting wall thickness 15.06 mm
Combined maximum internal and external pit depths 7.93 mm
British Standard wall thickness 10.2 mm
Pipe no. 18712
Age 150 years
Diameter 150mm (6”)
Material Cast Iron
Pre shot blasting wall thickness 15.94 mm
Post shot blasting wall thickness 15.34 mm
Combined maximum internal and external pit depths 12.71 mm
British Standard wall thickness 12.4mm
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Pipe no. 10015
Age 100 years
Diameter 150mm (6”)
Material cast iron
Pre shot blasting wall thickness 14.5 mm
post shot blasting wall thickness 12.3 mm
Combined maximum internal and external pit depths 9.78 mm
British Standard wall thickness 12.4mm
The three pipe sections that were investigated further (pipe ID numbers 10035, 18712, 10015) 
suggest that the differences in remaining life predictions which resulted for the use of the 
WA and WRc methodologies are due to the use of British Standard wall thickness as an 
estimate of as-installed wall thickness. In all of the above cases, the wall thickness assumed 
from the British Standard is significantly lower than the pre shot-blasting wall thickness. 
Differences in these three pipe sections are therefore due to the assumption by the WRc that 
the British Standard wall thickness is representative of the ‘as-installed’ wall thickness. 
However, the three pipe sections which were investigated further were suffering from severe 
corrosion. The condition of the main suggested that measurement of pre-shot-blasting wall 
thickness would have been difficult due to the build up of corrosion products on the pipe 
surface. The use of the British Standard wall thickness, as the as installed wall thickness is 
therefore inappropriate. In all three cases investigated, the result of the assumption that the 
British Standards provide an accurate measure of as-installed wall thickness is incorrect, and 
the remaining life prediction is therefore underestimated by the relatively deep pits in each 
case, and the assumed thinner wall.
Numerous differences have been highlighted between the WRc and the WA methodologies 
for predicting the remaining life of water mains. Where the individual differences in 
assumptions and measurements techniques may not have a great affect on the results 
individually, the combined effect of differences often results in the remaining life of a pipe 
section being significantly different depending on which method of prediction is used. 
Though the technique is used as an indicator of condition, to enable potential problems to be 
highlighted, the differences between the techniques and the sensitivity of the technique to 
data accuracy make comparisons between pipe sections difficult.
63
The implications of these differences in remaining life achieved between the WA and WRc 
method, may be social, environmental, or financial. Unnecessary social and environmental 
disruption may be caused by the early maintenance, or replacement, of pipe sections, or 
through lack of necessary replacement which leads to a burst. This may be due to 
disturbance of road surfaces, and increased levels of air pollution and noise pollution 
resulting from traffic disruption. The effect of these differences may therefore be 
considerable, if 30% of all rehabilitation decisions would be different depending on which 
method was used.
The financial implications of inaccuracies in condition assessment techniques are related to 
unnecessary early maintenance of the network, and inaccurate regulatory reporting in the 
form of June Returns and AMP (see Chapter 3), unexpected failures and urgent maintenance. 
The purpose of these plans is to assess the condition of the network in order to allocate 
funding to each water utility, originating from an increase in water bills (Langley, 1992). 
The per-capita increase in water bill is partly based on OFWATs assessment of each 
companies network condition. It is therefore important to obtain an accurate overview of the 
state of the network, to ensure that neither too little money is available for maintenance, nor 
too high an increase in water bills is introduced to pay for unnecessary maintenance.
6.5. SUMMARY
The level of deterioration of ferrous water mains in the UK is commonly assessed using a 
variation of one condition assessment technique. This technique, referred to as remaining 
life prediction uses excavated sections of water mains to assess the extent of corrosion, and 
predict remaining life using pipe age, wall thickness and pit depth. The purpose of the 
remaining life prediction is to estimate the length of time before the extent of corrosion 
damage reaches a critical level, where the main is a risk of failure, and the serviceability 
requirements cannot be met. Several variations of this technique are in use across the water 
industry, which employ differing assumptions in the calculation of remaining life. Two 
variations of this technique were investigated to identify both the differences between them, 
and the impact of these differences on remaining life. The main differences between these
64
techniques relate to the use of tuberculation coding systems, the quantity of measurements 
taken and the assumed point of failure of the pipe.
The assessment of tuberculation differs between the two methodologies. Within the WRc 
method a six point scale is used to assign a pipe to a tuberculation code, according to the 
level of internal deterioration. For the WA methodology this scale consists of five categories. 
The two tuberculation coding systems are not directly comparable making the interpretation 
of results obtained from a number of contractors difficult.
The quantity of measurements taken by the two contractors also differs. For wall thickness 
measurements, the WRc measure the five thinnest points across the whole pipe, whereas the 
WA record 20 wall thickness measurements, five from the each end of the crown and invert 
sections. For pit depth measurements, the WRc record 5 pit depths from each of the internal 
and external surfaces of the crown and invert sections. The WA record a total of 80 pit 
depths, 20 from each of the surfaces, and where 80 pits are not present, default values of 0.5 
and 0.1 are used for cast and ductile iron respectively. The use of default values can result in 
an under estimation of depth of corrosion, when average pit depths are considered on mains 
with a limited number of deep pits. The method of measuring pit depths also differs between 
contractors. The WRc measure pits from the pre-shot blasting wall surface, which is 
protected during shot blasting, whereas the WA measure pits from the post-shot blasting 
wall surface. The WA methodology therefore under-estimates the depth of corrosion as 
some of the wall thickness may have been lost during shot blasting.
The final key difference is the assumed point of pipe failure. The WRc methodology 
assumes that the pipe fails when the sum of the maximum internal and external pits exceeds 
the wall thickness. The WA methodology assumes that the pipe fails when the sum of the 
maximum internal and external pit depths exceeds the average wall thickness minus Wmin, 
where Wmin is the minimum wall thickness required to sustain the hoop stress within the 
distribution system. This assumption assumes no structural strength within the pipe wall. 
Also, both methodologies assume when calculating the remaining wall thickness that the 
deepest internal and external pits will line up, which is unlikely. These assumptions are 
therefore pessimistic.
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In addition to these differences, the measurement of wall thickness which is used within the 
equations varies. The WRc methodology uses the pre-shot-blasting wall thickness, unless 
the main is significantly corroded and measurements cannot be taken. In this case the British 
Standard wall thickness that is appropriate to the pipe material and diameter is used as an 
estimate of original wall thickness. Within the WA methodology, the post-shot-blasting wall 
thickness is used. This measurement is usually thinner than the original wall thickness due 
to corrosion damage, and therefore will affect the measurement of pit depth and also the 
estimate of corrosion rate.
The differences identified can have significant impact of the resulting remaining life 
predictions, which can differ between contractors. To quantify these differences, 30 pipe 
sections were selected and the remaining life calculated according to both the WRc and the 
WA methodology. In 80% of cases, the difference between the methodologies was greater 
than 20 years. In 20% of cases, the difference would be sufficient to result in a change in 
condition grade, and in 10% of cases the differences would be sufficient to support a change 
in rehabilitation decision making. The pipes identified as being susceptible to change were 
older cast iron mains, suffering from significant corrosion, where the original wall thickness 
needed to be estimated from the British Standard. Though individual differences between 
techniques may seem insignificant, the combined effects can result in significant variation 
between results for the same pipe, depending on which technique is used. These differences 
and the sensitivity of the technique are assessed in Chapter 7.
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7. REMAINING LIFE PREDICTION: THE PROBLEMS
The destructive condition assessment techniques for remaining life prediction, described in 
Chapter 6, are used for maintenance planning activities and regulatory reporting within the 
June Returns and strategic Asset Management Plans (AMP) (Chapter 3). The success and 
accuracy of such plans will be dependent on:
The sensitivity of the equations used to data accuracy;
The quality of data; and
The validity of assumptions made.
This Chapter describes an investigation into these three areas, to determine whether the 
methodology of remaining life prediction is appropriate for use in these circumstances.
7.1. SENSITIVITY OF EQUATIONS
The sensitivity of the equations used for the prediction of remaining life (Equations 1 and 2) 
to variability in the data, will affect the resulting remaining life predictions. The 
measurements, used to predict the remaining life of a water main, can be divided into three 
types, which are pit depth, wall thickness and age. These have been considered in turn, 
investigating the sensitivity of both the WRc and the WA methods to the accuracy of each of 
these parameters.
7.1.1. Pit depth
Pit depth measurements are used in both the WRc and the WA methods to assess the degree 
of corrosion on an excavated section of pipe. These measurements, together with an 
approximation of the age of the pipeline, are used to estimate the rate of corrosion. This 
assumes that the corrosion rate of a buried ferrous main is constant throughout its life. The 
assumption that corrosion damage progresses at a linear rate will give an overestimation of 
corrosion rate in older mains as the rate of corrosion decreases with age. This has been 
discussed in Chapter 4.
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Remaining life calculations were carried out using a generated data set using both the WRc 
(Equation 1) and the WA (Equation 2) methods. These data do not originate from physical 
pipe samples, but were generated to represent pipe section of varying structural condition. 
Varying degrees of pit depths were used to assess the effect of the accuracy of these 
measurements on the remaining life approximation. These are given in Table 11.
Table 11. Assumed degrees of pitting used in sensitivity analysis of WRc and
WA methods
Degree of pitting Combined maximum internal 
and external pit depth (y, mm)
Low I
Average 4
Above Average 8
Severe 12
Typical wall thickness and age values were assumed for this analysis, and are listed in Table 
12. Wall thickness was taken as the mean of all available post-shot blasting wall thickness 
measurements, and age was assumed to be around the end of the installation period of that 
material. For both the WRc and the WA methods, the mains are assumed to be constructed 
of cast iron and to have been buried for 70 years. This ensured that the methodologies were 
tested for a worst case scenario, as the youngest cast iron mains to be installed would now be 
approximately 70 years old. The corrosion now present on the mains will therefore have 
occurred over the shortest possible time frame.
Wall thickness measurements used by the WRc and WA methods are different, due to the 
differing assumptions made in each method. The WRc method uses the pre-shot blasting 
wall thickness, where a smooth wall surface is available, and an accurate measurement can 
be obtained. Where a main suffering from severe corrosion, or is covered in encrusted 
corrosion deposits, it is not possible to measure pipe wall thickness. The relevant British 
Standard is then used to obtain the ‘as manufactured’ wall thickness. In this analysis, it has 
been assumed that pre-shot-blasting wall thickness is not measurable, and is taken from the 
relative British Standard (BS:78;19I7). In the WA methodology, the post-shot-blasting wall
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thickness is required. An average post-shot-blasting wall thickness was calculated from all 
available samples within the pipe condition database, at different diameters. This represents 
the average loss of section of a pipe wall, so will not be greatly affected by the degree of 
pitting on individual samples. The assumed wall thickness values used in the sensitivity 
analysis, for both the WRc and the WA equations (Equations 1 and 2) are given in Table 11. 
For the WRc method, the mains are assumed to be Class C. The class of a water main refers 
to its pressure rating. Water mains can be of class B, C or D. Class A mains are only used 
for Gas supply. The pressure rating applicable for each class of water main are as follows;
Class A - 61.2m (200 feet) head (6 bar, 0.6 N/mm“)
Class B - 122.4m (400 feet) head (12 bar, 1.2 N/mm^)
Class C - 183.6m (600 feet) head (18 bar, 1.8 N/mm“)
Class D - 244.8m (800 feet) head (24 bar, 2.4 N/mm“)
All mains are assumed to be Class C for the purpose of this investigation. The majority of 
small diameter water mains will be either Class B or Class C. The use of Class C as the 
assumed wall thickness gives the thickest wall. This would therefore give the best case 
scenario. Table 12 presents the Class B and Class C wall thickness measurements 
(BS:78:1917), and the average wall thickness of all mains within each diameter for which 
data is available. The wall thickness values within Table 12 are use throughout the 
sensitivity analysis.
Table 12. Assumed wall thickness values used in WRc and WA sensitivity calculations
Pipe Diameter 
(mm)
Class B 
(BS:78:1917) 
wall thickness 
(mm)
WRc wall 
thickness 
(BS:78:1917, 
Class C, mm)
WA average wall 
thickness 
(h, mm)
75 9.6 9.6 8.65
100 9.9 10.2 11.21
125 10.4 11.4 11.06
150 10.9 12.4 10.24
175 11.4 13.5 12.89
200 1 1 9 14.4 14.06
225 12.4 1 5 i 13.29
250 13.2 16.0 12^6
275 14.0 17.5 14.72
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The sensitivity of the both the WRc and WA equations (Equations 1 and 2) to errors in data 
were determined through an examination of the changes in predicted remaining life that 
occurs when various degrees of corrosion damage are assumed. This method was used to 
examine the sensitivity of the equations for a range of mains diameter from 75mm (3”) to 
250mm (10”). The variations in pit depth used to investigate sensitivity were of 0.001, 0.005, 
0.01, 0.01, 0.03, 0.05, 0.1, 0.3, and 0.5mm. These were chosen as they were spread around 
an error of 0.01mm, the accuracy to which pit depths can be measured, using a digital depth 
micrometer. The chosen errors allowed for differences resulting from either inaccuracies in 
measurements, or reading and recording of measurements. The results of this analysis are 
presented in Tables 13 and 14.
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Table 13. Sensitivity analysis of WRc equation to inaccuracies in pit depth
Pipe
Diameter
(mm)
Pit depth
Effect on remaining life
(yrs)
(mm) Change in Pit Depth (mm)
0.1 0.01 0.001
1 634 6.9 0.7
75 (3”) 4 43 0.4 0.08 1.1 0.1 0.0
12 0.5 0.0 0.0
1 67.9 7.4 0.7
100 (4”) 4 4 6 0.5 0.08 1 2 0.1 0.0
12 0.5 0.5 0.0
1 722 7.9 0.8
125 (5”) 4 4 8 0.5 0.08 1 1 0.2 0.0
12 0.5 0.1 0.0
1 764 8.3 0.8
150 (6”) 4 5 6 0.5 0.18 1 3 0.1 0.0
12 0.6 0.1 0.0
1 807 8.8 0.9
175 (7”) 4 54 0.6 0.18 5 4 0.1 0.0
12 0.6 0.1 0.0
1 85^ 9.3 0.9
200 (8”) 4 5 7 0.6 0.18 1 4 0.1 0.0
12 0.6 0.1 0.1
1 893 9.7 1.0
225 (9”) 4 6 0 0.6 0.18 1 5 0.2 0.0
12 0.7 0.1 0.1
1 933 10.2 1.0
250 (10”) 4 6 3 0.6 0.18 1 6 Ô.2 0.0
12 0.7 0.1 0.0
71
Table 14. Sensitivity analysis of WA equation to inaccuracies in pit depth
Pipe
diameter
(mm)
Pit
depth
(mm)
Effect on remaining life
(yrs)
Change in pit depth (mm)
0.1 0.01 0.001
1 497 5.4 0.1
75 (3”) 4 3.4 Ô.3 0.08 0.8 0.1 0.0
12
1 528 6.3 0.6
100 (4”) 4 3.9 0.4 0.08 1.0 6.1 0.0
12
1 46.1 5.0 0.5
125 (5”) 4 3.1 0.3 0.0
8 0.7 0.1 0.0
12
1 44.5 4.9 0.5
150 (6”) 4 3.0 0.3 0.08 0.8 0.1 0.0
12 0.3 0.0 0.0
1 429 4.7 0.5
175 (7”) 4 2.9 0.3 0.0
8 0.3 0.1 0.0
12 0.3 0.0 0.0
1 41.4 4.5 0.5
200 (8”) 4 2 8 0.3 0.08 0.7 0.1 0.0
12 0.3 0.0 0.0
1 393 4.3 0.4
225 (9”) 4 2.7 0.3 0.0
8 0.7 0.1 0.0
12 0.3 0.0 0.0
1 387 4.2 0.4
250 (10”) 4 2 6 0.2 0.0
8 0.6 0.1 0.0
12 0.3 0.0 0.0
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Table 13 and 14 show that, as expected, the effect of small increments in combined pit depth 
decreases, as pit depth increases. In both cases, significant differences can be seen in 
remaining life calculations for all diameters, at low combined pit depths. Error in pit depth 
will have a negligible affect on the remaining life of a pipe section, as any main with 
combined maximum pit depths of 1mm, will have a long residual service life. The accuracy 
of the measurements will have greater effect where deep pits are present. Any large changes 
in remaining life may be significant, in terms of maintenance planning.
Generally, it can be seen that WRc remaining life predictions are higher (see Table 13), for 
equivalent pipes, than those for the WA method. For any diameter of main, and therefore 
any wall thickness, it can be seen that as pitting becomes more severe, the difference 
between remaining life predictions resulting from the WRc and WA methods reduce. In 
severely pitted pipes, the differences between them are negligible (typically <1 year).
The important degrees of pitting, in terms of pipeline performance, maintenance and 
regulatory reporting are ‘above average’ pits (8mm) and ‘severe’ pits (12mm). In these 
cases a decrease in predicted remaining life may have implications related to decision 
making processes for maintenance. It can be seen from Tables 13 and 14, that the effect of 
increasing pit depth by as much as 0.5mm, will affect the remaining life of severely corroded 
pipes, by a maximum of four years. In such cases where a difference of four years will result 
in the remaining life falling from one condition grade to another, the fall will not be 
sufficient to affect decision making processes without further investigation of factors such as 
burst rate. A significant remaining life would be around 30 years, as it is at this point that 
the condition grade of the pipe would change between grades 2 and 3. It should be 
remembered however that the critical condition grades are 4 and 5, where a main is 
considered to be in need of attention. The OFWAT condition grade criteria are described in 
Section 3.3.3. The differences highlighted here cannot therefore be considered significant. 
Where the corrosion on pipes is considered to be ‘above average’ (8mm), differences in 
remaining life caused by inaccuracies of up to 0.1mm in measurement will have a maximum 
effect of approximately 1.5 years for WRc and 1 year for WA. Problems may occur if the 
‘true’ remaining life is 30 years, but is distorted significantly by an error of 0.5mm in the pit 
depth measurement. This would result in the predicted remaining life being approximately 
21 years, a reduction by one third, which would imply that the pipe is in condition grade 3 
(Table 1) and will be in need of rehabilitation in the near future. During further
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investigations, the remaining life at each pipe size was compared to the differences caused 
by different errors in pit depth measurement. This showed that the differences in remaining 
life predictions are small where the actual remaining life is at a critical level. This is 
especially true where the WRc method is used. Tables 13 and 14 illustrate the differences in 
remaining life approximations which can be achieved when a range of inaccuracies occur in 
the measurement of pit depths. They also provide guidance for the degree of accuracy 
needed when measuring pit depths. An accuracy of 0.1mm is sufficient to ensure that no 
significant changes in remaining life predictions will occur. Measurement to an accuracy of 
0.1mm is possible if measuring from a clean smooth surface, using a depth micrometer.
7.1.2. Wall thickness
Wall thickness measurements are used in both the WRc and WA methods to assess the depth 
of corrosion in relation to the thickness of the pipe wall, and so estimate a corrosion rate. 
Different measurements are used within the WRc method and the WA method. The WRc 
methodology uses pre-shot-blasting wall thickness, or British Standard wall thickness, while 
the WA method uses the post-shot-blasting wall thickness. Wall thickness is measured to a 
resolution of 0.001mm using a digital micrometer. It can be seen from Equations 1 and 2, 
that the relationship between wall thickness and remaining life is assumed to be linear. 
Figure 12 shows the differences in remaining life achieved from both the WRc and WA 
equations, for all pipe diameters. The data used to generate Figure 12 originate from 
Equations 1 and 2 and the assumed wall thickness values. Estimates of true wall thickness 
used in these calculations were taken from Table 11. The WRc method uses a measurement 
of wall thickness which is either the measured pre-shot-blasting wall thickness (if possible) 
or the wall thickness taken from the relative British Standard. In this analysis (Figure 12), it 
was assumed that wall thickness was measurable. If the pipe was in poor condition and the 
British Standard was used, no errors could occur in the measurement, as no measurements 
were taken. In this case this section is not relevant to the WRc method.
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Figure 12. Change in remaining life resulting from inaccuracies in wall thickness 
measurement, at varying degrees of pitting (WA & WRc, at all sizes)
Figure 12 shows that significant differences in remaining life can occur where measurements 
of wall thickness are 0.5mm above the ‘true’ value. These significant increases only occur at 
low pit depths, where the predicted remaining life, using both methods, would be large 
enough to ensure that the effect of these changes will not be significant. In the deeper 
degrees of pitting, where the predicted remaining life would be greatly affected by such an 
increase, changes in remaining life are small, and would not be significant, when considering 
the actual change in remaining life.
Overall, neither the WRc, nor the WA method of predicting the remaining life, are sensitive 
to slight errors in wall thickness measurement. Wall thickness should be measured to an 
accuracy of 0.1mm to ensure there are no significant increases or decreases in the remaining 
life approximation.
7.1.3. Pipe age
The age of a water main from which the section was taken is the most difficult variable to 
estimate, but it is necessary in order to carry out any predictions of remaining life using 
Equation 1 or 2. An accurate estimation is therefore required. In many cases, no accurate
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records exist of pipe installation and estimations must be made on an area by area basis. The 
approximate age of a section of water main can be estimated by one or all of the following 
three methods:
Pipeline characteristics. The physical characteristics of a pipeline can indicate broad age 
bands, within which the pipeline was manufactured. These characteristics may be related to 
material type, wall thickness, joint type, use of sealing materials or pipe coatings. Date 
stamps indicating year of manufacture may also be visible on pipes in excellent condition. 
Table 3 lists age bands within which different materials were used for manufacture and 
sealing of pipes. Pipeline inspection can be used to give an age approximation, or can be 
combined with other methods of predicting pipe age, to increase the accuracy of the age 
estimation.
ii) Inspection of architecture. The approximate age of a pipeline can be estimated using the 
inspection of the surrounding houses in the street from which the pipe was excavated. This 
method involves estimating the age of the surrounding houses by their architecture or age 
inscription which may be present. This assumes the mains in use are the original pipes that 
were installed as the area was developed, and so does not take into account any replacement. 
This method also assumes that all pipes were installed soon after manufacture. This may not 
always be the case as pipes may be stored for sometime before installation, or in some 
circumstances ‘second hand’ mains may have been installed from a demolished site. These 
would affect the accuracy of age estimations using inspection of surrounding housing.
Hi) Use o f historical maps. Pipe age can be predicted using historic Ordnance Survey maps. 
This method will give an estimated date of initial development in an urban area, and will 
therefore date the pipes installed at this time. Just as with the inspection of architecture, 
problems occur when using this method if the pipeline in question has been replaced, or an 
older main has been installed. Age estimations obtained using this method can be cross- 
referenced with an inspection of the pipeline to ensure assumed ages are similar.
The sensitivity to errors in age data of both the WRc and WA methodologies has been 
investigated. This analysis was carried out for both ductile iron mains and cast iron mains. 
Assumed age was varied between the maximum and minimum possible values for each 
material, which illustrate the differences in remaining life which can occur if inaccurate
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estimates of age are used. All pipes are assumed to be vertically cast iron, and are therefore 
between 75 and 150 years old. For this reason, remaining life of different diameter pipes 
were calculated, for the four degrees of pitting given (Table 11), with assumed wall 
thickness values as given in Table 12. Age was increased at 10 years intervals to enable the 
changes in remaining life, caused by an inaccurate knowledge of pit depth, to be observed. 
The range in remaining life which can result from inaccuracies in pipe age are summarised 
in Appendix A, due to the quantity of data.
The results shown in Appendix A indicate that age is an important parameter in both the 
WRc and WA methods of assessing pipeline condition. The trends seen in the analysis of 
sensitivity to changes in pit depth and wall thickness are repeated here. As the condition of 
the pipe deteriorates, the effect of the errors in age decreases as the condition of the pipe 
section deteriorates. The significant degrees of pitting are again ‘above average’ and 
‘severe’ corrosion, as this is where large reductions or increases in remaining life will affect 
pipeline rehabilitation decision making processes.
The results in Appendix A demonstrate the importance of accurate age data for water mains, 
when predicting remaining life. In both the WRc and the WA methods, age of pipe should 
be within 10 years above or below the true value. As age of pipe is rarely known, the 
inaccuracy of this parameter alone may significantly affect the predicted remaining hfe of 
the pipe, even where the degree of pitting on the pipe is above average.
7.1.4. Metal loss during shot-blasting
The shot-blasting process for the removal of graphitised corrosion products can result in 
metal loss. Dempsey et a l, 1986, give the rate of metal loss during shot-blasting as 
approximately 0.0126mm per minute, on an un-corroded piece of metal. This figure can be 
used to predict the effect of the shot-blasting process on the accuracy of remaining life 
prediction. Assuming that shot-blasting is concentrated on a specific area for no more than 
ten minutes, the effect of this metal loss on the approximation of predicted life can be 
calculated. This estimation was used after discussions with a shot-blasting contractor. A 
maximum of ten minutes shot-blasting, with a metal loss of 0.0126mm per minute would 
result in a total metal loss of a maximum of 0.126mm. Tables 13 (WRc) and Table 14 (WA) 
show that the resulting error in remaining life predictions would be minimal, at all
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significant pit depths, using both the WRc and the WA methods. By increasing the time of 
shot-blasting to thirty minutes, concentrated on one area, the effect on the remaining life 
prediction, assuming the degree of pitting is either ‘above average’ or ‘severe’, will not be 
sufficient to have a significant effect on the remaining life prediction
Metal loss during shot-blasting, will therefore have no significant affect on the predicted 
remaining life of a section of water main. This is true, even when assuming blasting was 
concentrated on a small area of un-corroded metal for up to thirty minutes, which would be 
excessive, and unlikely to occur during the shot-blasting process.
7.2. VARIABILITY IN PIPELINE CONDITION
The condition of a water main may vary considerably along its length due to local 
environmental variation. Samples taken from one section of a main may therefore not be 
representative of water main condition only metres away. The results of condition 
assessment results from mains originating from the same street were therefore compared. 
The samples used in this analysis originate from two sources. 15 samples were selected 
from the cut-out sections excavated as part of the water mains rehabilitation programme. 20 
samples are available from research carried out at the University of Surrey into the failure 
mechanisms of small diameter ferrous water mains.
i) Samples taken from the mains rehabilitation programme.
For this data set, multiple samples excavated for the water main rehabilitation programme 
were selected for further investigation. 15 samples were available. These samples originate 
from the provinces (Thames Water area outside of London), obtained during a sampling 
programme carried out between 1997 and 1999. Comparison of samples was restricted to 
mains originating from the same street, and of the same diameter and material. In this 
dataset, either two or three samples were excavated from the same street. This comparison 
relies on the assumption that the samples would originate from the same main, or that the 
mains would have been laid at the same time, are of the same material, and have been 
exposed to the same environmental and operational conditions. Due to the mains originating 
from the provinces, these assumptions are more accurate than if the samples originated from
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London. Typically there are two to three mains within each street in the provinces. In 
London the typical number of mains in each street is four or five. The probability that two 
samples excavated from the same street and of the same diameter and material were taken 
from different parts of the same main, is higher if the street is in the provinces, than if the 
street were in London.
The locations of samples used in this section of the investigation, together with maximum pit 
depths for each available sample are presented in Table 15. Pit depth distributions were 
plotted for each street enabling a comparison to be made between the conditions of multiple 
samples of the same water main. The results are summarised in Table 15.
The general trends seen in the pit depth distribution for the samples presented in Table 15, 
indicate that change in water main condition along an individual main varies from street to 
street. In some cases the variation in condition of a water main along its length may be small, 
however Table 15 shows that this is not always the case. In two of the five examples where 
multiple samples were taken from the same main, the condition of the water main changes 
along its length. This shows that variation in water main condition can occur over a 
relatively short distance, and indicates that the excavation of short lengths of main may not 
give an accurate indication of water main condition.
Table 15. Variation in maximum corrosion pit depth on mains excavated from the same
street
Street code Diameter
(“)
Material Maximum pit depth (mm)
Sample 1 Sample 2 Sample 3
A 4 SGI Z79 2J3 4.45
B 4 Cl 2 22 5.16 4.64
C 4 SGI 3 04 3TÜ N/A
D 3 SGI 7 23 6.95 N/A
E 4 SGI 3.63 3A6 N/A
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ii) Samples taken for other research at the University o f Surrey.
Research carried out at the University of Surrey into failure mechanisms of water mains 
(reported in Smith et al., 2001) involved the excavation of vertically cast iron water mains 
from four streets in London. The streets from which mains were excavated were Embleton 
Road, Cedars Road, Theed Street and Roupell Street. Condition assessments were carried 
out by Stantons Pic, on all water main samples using the WRc methodology (Dempsey et al., 
1986). In each case, the condition assessment resulted in a maximum of 20 pit depth values 
per excavated water main sample. The numerous water main samples available for 
individual streets enabled the author to make comparisons of condition along the length of 
main to investigate the degree of variation which can occur within a street.
The pit depth profiles for each water main section are presented in Figures 13 and 14. Figure 
13 shows that 5 out of the 6 pipe samples taken from Cedars Road have maximum pit depths 
within the range of 2.25mm to 2.75mm. The sixth sample has an outlying pit of 4mm. In 
this example, an indication of the general condition of the main could be achieved from any 
of the samples excavated. Only one of the 6 samples however would enable a measure of 
the deepest point of corrosion to be obtained.
A series of 13 pipe samples were excavated from Embleton Road. At the Embleton Road 
site, changes in soil conditions were observed, specifically a sharp change from clay to sandy 
conditions. Visual inspection of the pipeline before excavation highlighted obvious 
differences between the condition of the pipeline at either side of the soil boundary. The 
presence of the soil boundary was unknown before excavation. The pit distributions for all 
pipes excavated from Embleton Road are presented in Figure 14. The condition of the pipe 
deteriorated along its length from section ER2A to ER7A. This is consistent with the change 
in soil conditions along the pipe length. However, the conditions of pipe sections ERIA and 
ERIE were significantly different to those of ER2A and ER2B. The maximum pit depth 
recorded for sections ERIA and ERIE were 6.5mm and 5.75mm respectively. The 
maximum pit depths for section ER2A and ER2B were 3.5mm and 2.75mm respectively. 
The variation in pipe condition along the relatively short length of 5.41m between section 
ERIA and ER2B, indicates that samples taken from any point along this length of pipe may 
not be representative of the general condition of the main. Should such samples have been 
used for assessing condition for rehabilitation decision making, an inaccurate assessment of 
the general pipe condition would have resulted.
8 0
The variations in water main condition observed in this investigation, highlight the 
differences which can occur along a relatively short length of pipe. This study into variation 
of water main condition suggests that excavating a 500mm sample of water main, was not an 
appropriate method for predicting pipeline condition throughout an entire street. These 
results may be affected by the small data set available for use.
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Figure 13. Variation in maximum external and internal pit depth measured on pipe samples 
excavated from Cedars Road, London (University of Surrey, 1999)
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excavated from Embleton Road, London (University of Surrey, 1999)
7.3. CORROSION RATES OF BURIED FERROUS PIPES
The methodology for remaining life prediction of water distribution mains uses a calculated 
corrosion rate, assuming a linear relationship between pit depth and pipe age throughout the 
age of the main. Chapter 4 discusses the corrosion rate of buried ferrous mains. Research 
into the corrosion behaviour of ferrous water mains has concluded that the rate of corrosion 
is not constant, but decreases over time. This is due to a build up of corrosion products on 
the pipe surface effectively protecting the pipe to a certain extent from its aggressive 
environment. The differences between actual corrosion behaviour of ferrous mains and the 
assumed linear relationship between corrosion and time has implications for the accuracy of 
the remaining life prediction technique.
Condition assessment for remaining life prediction is carried out to estimate the residual 
useful life of a main, and is used in network management processes. The methodology for 
calculating remaining life is discussed in Chapter 6, and uses maximum pit depth and pipe 
age to determine the rate at which the main is corroding. This assumes a constant corrosion
8 2
rate throughout the life of a main, and does not consider the changes in corrosion rate which 
occur over time. Figure 15 is a schematic comparison of the changes in corrosion rate which 
occur over time, and the assumed corrosion rate which is used in the remaining life 
prediction methodologies. The shape of the actual corrosion rate curve is confirmed by De 
Rosa et al., 1985.
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Figure 15. Schematic comparison of assumed pit depth growth mechanisms
Figure 15 demonstrates the theoretical differences which occur between actual pit depth 
growth and assumed pit depth growth using a linear approach. In the example given in 
Figure 15, the pipe cut-out is excavated at ‘Time A’. The remaining life will be calculated 
from point A, assuming that the corrosion began at the time of installation and will continue 
at a constant rate throughout the life of the main. The nature of the corrosion of buried 
ferrous mains results in a reduction in corrosion rate over time. A linear approach to the 
calculation of corrosion rate will result in an overestimation of corrosion pit growth, and 
therefore an underestimation of predicted remaining life. The earlier the time of excavation 
(A, Figure 15), the greater the underestimation of remaining asset life. In the case of a
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ductile iron main, assuming an excavation time of 25 years, the remaining life prediction 
would assume that the corrosion would continue at the rate currently assumed. However, De 
Rosa et al, (1985) suggest that the corrosion behaviour of ductile iron and spun iron are 
similar, and that the majority of the corrosion damage on ductile iron occurs in the first 20 
years after installation. This would mean that the estimated remaining life of ductile iron 
would be greatly underestimated, using a linear approach to the calculation of corrosion rate.
The average pit depth in each age group was calculated for all available condition data held 
by Thames Water. Approximately 650 pipe samples were available across all age band and 
material types. The age band widths were 10 years, for example 0 to 10 years, 11 to 20 
years, 21 to 30 years, 31 to 40 years etc. The result was one average pit depth measurement 
for each age band. The purpose of this was to determine whether there was any evidence to 
suggest that the corrosion rate does decrease with time, as suggested by De Rosa (1985). 
Figures 14 and 15 show the average maximum internal and extemal pit depth, for all 
materials over time. There is only one data point for each material as this represents the 
average pit depth. The results obtained from analysis of the Thames Water data set are 
comparable to the schematic given in Figure 15. Assuming excavation of the pipe sample at 
point A (Figures 14 and 15), the predicted remaining life of the section of main would be 
greatly underestimated. The corrosion rate throughout the remainder of the water main life 
would be assumed to be as represented by Line 1 (Figure 16) and Line 2 (Figure 17).
The extent of the effect of using a constant corrosion rate will be dependent on the age of the 
main at the time of excavation (A). Where A is high, which would occur if the main were 
constructed of vertically cast iron, the gradient of lines 1 and 2 (Figures 14 and 15) would be 
shallower. This is because, although the majority of the corrosion will have occurred within 
the first 20 years after installation, the time since that period of corrosion is relatively large 
and the gradient of the line which assumed the constant corrosion rate is shallow. However, 
if the age of the main is relatively low, which would occur if the main were constructed of 
ductile iron, the period of time over which the corrosion rate is being estimated is relatively 
low, and the main focus of the corrosion rate calculation is the period of fast corrosion 
during the first decade after installation. The gradient of the assumed constant corrosion 
rate will be relatively steep, and when extrapolated over the total life of the main, the 
projected remaining life is significantly lower than predicted.
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Figure 16. Growth in maximum extemal pit depth over time (mm, all materials)
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The assumption used within the remaining life prediction methodology therefore result in an 
underestimation of remaining service life, when applied to younger mains. This could have 
implications for both maintenance planning and regulatory reporting. The predicted 
remaining life of main is a key part of the condition grading system employed by OFWAT. 
Where mains fall into the critical condition grades 4 and 5, they are considered to be in need 
of rehabilitation or replacement. A consideration of the rate at which mains corrode and the 
implication on predicted remaining life will affect the distribution of mains within the 
condition grades. This will therefore affect the manner in which distribution system 
maintenance is planned.
7.4. USE OF BRITISH STANDARD WALL THICKNESS
The WRc methodology for remaining life prediction recommends the use of British Standard 
values of wall thickness, where measurement of true wall thickness is not possible (see 
Chapter 6). The accuracy of this assumption will affect the accuracy of the remaining life 
predictions. The purpose of the investigation reported here is to determine the accuracy of 
this assumption, and quantify the errors which may be encountered when using this 
assumption.
The accuracy of the assumption that the British Standards wall thickness is an accurate 
estimate of original wall thickness can be quantified through analysis of pipe sample data. 
Post shot-blasting wall thickness measurements for water mains of various diameters were 
compared to the appropriate British Standard. British Standards give a minimum 
manufactured wall thickness. The use of the British Standard wall thickness could therefore 
be used as an indicator of minimum original wall thickness, but the error above this level 
should be quantified.
The wall thickness measurements for the three different types of ferrous water main (cast 
iron, spun iron and ductile iron) pipe have been investigated. Actual wall thickness 
measurements were compared to the minimum wall thickness measurements taken from the 
appropriate British Standards. The difference between the two measurements has been 
quantified for a range of pipeline diameters.
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7.4.1. Cast iron mains
Wall thickness standards for cast iron mains are divided into three classes depending on 
pressure requirements of the main. The maximum operating pressure for mains in each class 
is as follows (BS 78, BS 1211):
Class A - 61.2m (200 feet) head (6 bar, 0.6 N/mm“)
Class B - 122.4m (400 feet) head (12 bar, 1.2 N/mm“)
Class C - 183.6m (600 feet) head (18 bar, 1.8 N/mm“)
Class D - 244.8m (800 feet) head (24 bar, 2.4 N/mm“)
7.4.1.1. Vertically cast iron pipes 
The British Standards which apply to vertically cast iron mains are BS 78:1917, BS 78:1938, 
BS 2035:1966. All three standards give the same required minimum wall thickness. These 
measurements are given in the Table 16 (inches) together with the conversion to metric units.
For the purpose of this investigation it is assumed that all water distribution mains are Class 
C. Water distribution mains will be either class B or Class C. Identification of pipe class is 
not possible without examination of a sample. Use of Class C wall thickness to quantify the 
error in the assumption that British Standards provide an accurate indication of as 
manufactured wall thickness, will give the minimum percentage of mains where wall 
thickness fall above this level. This will ensure that the error in the assumption is not over 
estimated.
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Table 16. Minimum wall thickness requirements for vertically cast iron water mains, as
given in BS78:1917, BS78:1938, BS2035:1966
Diameter Wall thickness, inches, (mm)
inches, (mm) Class B Class C Class D
3(75) 0.38 (9.6) 0.38 (9.6) 0.4(10.2)
4(100) 0.39(9.9) 0.40(10.2) 0.46(11.7)
5(125) 0.41 (10.4) 0.45(11.4) 0.52 (13 2)
6(150) 0.43(10.9) 0.49 (12.4) 0.57(14.5)
7(175) 0.45(11.4) 0.53 (13.5) 0.61 (15.5)
8(200) 0.47(11.9) 0.57(14.4) 0.65 (16.5)
9(225) 0.49(12.4) 0.60(15.2) 0 69(17 5)
10(250) 0.52(13.2) 0.63 (16.0) 0.73(18.5)
12 (275) 0.55 (14.0) 0.69 (17.5) 0.8 (20.3)
All available pipe sample records for vertically cast iron mains were analysed. A total of 
1222 vertically cast iron samples were available. This data originated from the pipe 
condition database. The development of this database and the method of data collection is 
discussed in Chapter 9. Maximum post-shot blasted wall thickness measurements and the 
British Standard wall thickness are summarised in Table 17. N represents the number of 
samples available for each diameter.
Table 17. Variation in post-shot-blasting wall thickness of vertically cast iron mains
Size
Inch
(mm)
N
Min
wall
(mm)
Max
wall
(mm)
Range
(mm)
Standard
deviation
Mean
wall
thickness
(mm)
British 
Standard 
wall (mm. 
Class C)
% mains 
with wall 
thickness 
above British 
Standard
3(75)
4(KM9
535
491
5.51
" .^74""
12.52 7.01 1.30 &56
9TM
9.6 22
15.06 12.32 1.46 10.2 30
5(1:%9 32 8.73 13.04 4 31 
7 62
0 98
1 54
10.50 11.4 31
6 (150) 127 7.72 15.34 10.06 12.4 12
8(200) 21 8.41 15.69 7 28 2 89 11.39 14.4 29
9 (225) 16 7.69 15.73 8.04 1.93 11.98 15.2 6
Overall
average 25
The variation that is present in wall thickness measurements of vertically cast iron mains is 
highlighted in Table 17. Variation below the British Standard wall thickness may be due to 
corrosion. The British Standards give the minimum manufactured wall thickness for cast 
iron mains. A significant proportion of cast iron mains were manufactured before the 
introduction of the first British Standard (BS 78:1917). The variation in the manufacturing 
process is highlighted in the standard deviation of the wall thickness. The standard deviation 
present in wall thickness measurements demonstrates the variation which occurs at each 
diameter. This implies that the controls for wall thickness were poor, and resulted in 
significant deviation from the British Standard. This assumption is confirmed through 
examination of the range in the data, which varies between diameters. These do not 
correspond to the changes in data set size between pipe diameters, so are not due to data 
distribution. Some of the variation in pipe wall thickness may be due to the use of a 
combination of Class B and Class C pipes. The minimum required wall thickness of Class B 
and Class C pipe are different (Table 16). A combination of Class B and Class C mains 
would therefore produce a standard deviation, which would represent the variation in wall 
thickness between the classes.
The assumption that the British Standard wall thickness is representative of as manufactured 
wall thickness of vertically cast iron mains is therefore inaccurate, in at least 25% of samples. 
The use of a calculated average wall thickness, as an estimate of manufactured wall 
thickness, may be a more appropriate estimate of manufactured wall thickness. This will 
reduce the overall error incurred in remaining life prediction where pre-shot blasting wall 
thickness is not measurable.
7.4.1.2. Centrifugally cast iron pipes 
Centrifugally cast iron water mains have been manufactured to three British Standards. 
These are BS 1211:1945, BS 1211:1958, and BS 4622:1970. The minimum manufactured 
wall thickness given by these standards vary. These are given in Table 18 (BS 1211:1945, 
BS 1211:1958) and Table 19 (BS 4622:1970).
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Table 18. Minimum wall thickness required for centrifugally cast iron pipes (BS 1211:1945,
BS 1211:1958)
Diameter Wall thickness, inches, (mm)
inches, (mm) Class B Class C Class D
3(75) 0.29 (7.4) 0.29 (7.4) 0.3 (7.6)
4 (100) 0.3 (7.6) 0.31 (7.8) 0.35(8.9)
5(125) 0.31 (7.8) 0.34 (8.6) 0.39(9.9)
6(150) 0.33(8.3) 0.37 (9.3) 0.43(10.9)
7(175) 0.34(8.6) 0.40(10.1) 0.46(11.7)
8 (200) 0.36(9.1) 0.43 (10.9) 0.49(12.4)
9(225) 0.37(9.4) 0.45(11.4) 0.52(13.2)
10(250) 0.39(9.9) 0.47(11.9) 0.55 (14.0)
12 (275) 0.43 (10.9) 0.52(13.2) 0.6(15.2)
Pressure requirements for water mains were reclassified within BS 4622:1970. The 
classification is now as follows;
Class 1 -  102 m head, 10 bar 
Class 2 - 127.5m head, 12.5 bar 
Class 3 -  163.2m head, 16 bar
The minimum wall thickness at each classification of BS 4622:1970 is given in Table 19.
Table 19. Minimum wall thickness required for centrifugally cast iron pipes (BS 4622:1970)
Diameter Wall thickness (mm)
(mm) Class 1 Class 2 Class 3
80 7.2 7.9 8.6
100 7.5 8.3 9 0
150 9.3 9.2 10 0
200 9.2 10.1 1 1 0
250 10.0 11.0 12 0
300 10.8 11.9 13.0
Wall thickness measurements for all available centrifugally cast iron mains were 
investigated to determine the accuracy of the assumption that the relevant British standard 
will provide an accurate estimate. Averages of all available spun iron mains from the pipe
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condition database were calculated. This data originates from the sources described in 
Chapter 9, and a total of 213 samples are available. The following assumptions were made 
within the investigation;
i) All centrifugally spun iron main were installed prior to 1970, and so would be 
manufactured to BS 1211:1945,1958
ii) All mains are Class C.
The results of the investigation into variation in wall thickness are presented in Table 20. 
The investigation was limited to diameters of 75, 100 and 150mm due to insufficient data 
within other diameter ranges.
Table 20. Variation in wall thickness measurements of centrifugally cast iron mains
Size
Max
wall
(mm)
Min
wall
(mm)
Range
(mm) n
Standard
deviation
Mean
wall
thickness
(mm)
British 
Standard 
wall 
(mm, 
Class C)
% mains 
with wall 
thickness 
ahove British 
Standard
3” 5.83 11.60 5.77 92 1.27 &40 7.40 83
4” 6.24 11.95 5 71 103
" ' " T s ” . . . .
1.18 8.63 T80 75
6” 8.22 13.30 5.08 1.24 9^5 930 61
Overall 77
The result of the investigation into the variation in wall thickness of centrifugally cast iron 
mains is given in Table 20. The percentage of centrifugally cast iron mains with a wall 
thickness above the British Standard minimum is at least 76%. This increase, above that 
observed for cast iron mains, is a result of improvements in the manufacturing process. This 
is confirmed by the reduced variation in the range and the standard deviation of the wall 
thickness. Mains with a wall thickness below the British Standard are likely to have suffered 
corrosion. The assumption that the British Standard wall thickness is an appropriate 
estimation of manufactured wall thickness is therefore an underestimation in over three 
quarters of all pipes. A more appropriate estimate of as-manufactured wall thickness may 
be the use of an average wall thickness, calculated from all available samples.
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7.4.2. Ductile Iron Mains
Ductile iron mains are manufactured to BS 4772:1980, and BS EN 545:1995. BS 
4772:1980 classifies ductile iron mains into one of three types, according to their structure. 
These are as follows:
K9 = pipes with flexible joints 
K12 = pipes with screw on flanges 
K14 = pipes with cast on flanges
The following assumptions have been made within this investigation;
i) All mains are assumed to have been manufactured to BS 4772:1980
ii) All mains are assumed to be class K9
The minimum allowable wall thickness for ductile iron mains are given in Table 21 BS 
4772:1980) and Table 22 (BS EN 545:1995).
Table 21. Minimum wall thickness for ductile iron pipes (BS 4772:1980)
Diameter
(mm)
Wall thickness (mm)
Class K9 Class K12 Class K14
80 6.0 7.0 8.1
100 6.1 7.2 8.4
150 6.3 7.8 9.1
200 6.4 8.4 9.8
250 6.8 9.0 10 5
300 7.2 9.6 11.2
92
Table 22. Minimum wall thickness requirements for ductile iron pipes (BS EN 545:1995)
Diameter
(mm)
Wall thickness (mm)
Class K9 Class KIO
80 6 6
100 6 6
150 6 6 5
200 6.3 7
250 6.8 7.5
300 7.2 8
The variation in wall thickness for all available ductile iron pipe samples was investigated to 
determine the accuracy of the use of British Standards to estimate original wall thickness. 
The results of the investigation of ductile iron mains are presented in Table 23.
Table 23 Variation in wall thickness measurements of centrifugally cast iron mains
Size
(mm)
Min
wall
(mm)
Max
wall
(mm)
Range
(mm) n
Standard
deviation
Mean
wall
thickness
(mm)
British 
Standard 
wall (mm, 
Class K9)
% mains 
with wall 
thickness 
above British 
Standard
100 5.29 10.71 5.42 300 1.01 &94 6.1 75
150 4.60 10.88 6 28 83 1.07 7.10 6.3 87
200 6.35 9.27 2.92 25 0.96 T92 6.5 88
Overall 78
Table 23 presents the results of the variation in wall thickness of ductile iron pipes with 
respect to BS 4772:1980. The trends observed for centrifugally cast iron are repeated here, 
with over 75% of mains being manufactured with a wall thickness greater than the British 
standard, and a reduced variation in range and standard deviation.
For centrifugally spun, and ductile iron, the British standards represent the minimum wall 
thickness. All mains should therefore have been manufactured with a wall thickness above 
the British Standard. A more accurate estimation in ‘as-manufactured’ wall thickness for
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cast, centrifugally spun and ductile iron, is a calculated average of measured wall thickness 
from excavated samples.
7.5. GRAPHITE REMOVAL USING SHOTBLASTING
The condition assessment technique for remaining life prediction of water mains described in 
Chapter 5 involves the use of shot-blasting to remove graphitic corrosion product. The 
purpose is to expose the corrosion pits present in the pipe wall for measurement of its depth. 
Corrosion rate is estimated from corrosion depth and pipe age. Predictions of corrosion rate 
are used to predict the remaining life of the water mains from which the section was taken. 
Dempsey et a l, (1986) suggest that small quantities of graphite may remain in corrosion pits 
after the shot-blasting process. On inspection of a sectioned shot-blasted pipe during other 
research into deterioration of buried pipes at the University of Surrey, it was found that on 
several occasions entire pits had not been exposed by shot-blasting (Smith et a l, 1999) 
(Figures 18a and 18b). A methodology was developed for the assessment of degree of 
graphitisation removal. Nine pipe sections were selected from PASTA (the Thames Water 
Pipe and Soil Technical Archive, see Chapter 9), all of the same material and diameter and 
length, which were then sent to three contractors for condition assessment. Six additional 
pipes have been sectioned, sending a sample of each to the contractors for condition 
assessment. The shot-blasted pipe samples were cut, longitudinally into quarters, then into 
10mm quarter hoops. The depth of retained graphitisation was measured on each face.
The aim of this investigation was to determine the extent of the problem of retained graphite 
within corrosion pits. Three condition assessment contractors are widely used in the UK 
water industry. These are referred to Contractor 1 (Cl), Contractor 2 (C2) and Contractor 3 
(C3). The accuracy of graphite removal by the three contractors was investigated, using the 
method described in Section 7.5.1.
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Figure 18a. Face of segment of a sand-blasted 4” (150 mm) cast iron water main (x 1) 
(Area within rectangle is magnified (x 4) in Figure 18b)
Figure 18b. Magnified (x 4) face of a sand-blasted segment of 4” (150 mm) cast iron water
main.
7.5.1. Methodology
The use of the sand/grit-blasting process for the removal of the graphitised corrosion product 
was investigated using three condition assessment. Nine sections of vertically cast, 150mm 
water main, approximately 300mm in length, were selected from the PASTA database. The
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sections of main were selected due to their similar appearance, wall thickness, and 
surrounding soil conditions. The mains selected were assumed to be of a similar age, as they 
were from the same area in London, and exposed to the similar environmental influences, 
and should therefore be in a comparable condition. Due to the nature of the deterioration of 
cast iron it would be difficult to get identical pipe sections. Three sections of main were 
assessed by each of the contractors, without revealing the purpose of the investigation.
The condition assessment techniques used by each contractor involves a prediction of 
remaining life, using corrosion depth measurements taken from an excavated section of 
water main, and estimations of pipe age. The condition assessment techniques vary between 
the contractors, but all involve the use of sand/grit blasting to remove any corrosion products 
on the pipe surface
On completion of condition assessment procedures, the pipe sections were returned to 
Thames Water, and cut into crown and invert sections. The pipes halves were sectioned for 
further investigation in the following manner;
1. Crown and invert sections of pipe were cut in half longitudinally, producing four quarters 
of water main.
2. Pipe quarters were cut into strips, approximately 25mm wide, see Figure 19.
Figure 19. Method for sectioning pipe quarters
The cut surfaces which were exposed through the sectioning process were inspected for 
evidence of graphite retained in corrosion pits. Due to the nature of the corrosion of cast 
iron, the graphitised area has an indistinct transition zone, or area of partially corroded 
material, between the sound metal and graphitised regions. It is therefore difficult to 
determine the boundary between sound and corroded metal, making accurate measurement a
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problem. Measurement of the depth of retained graphite was to the nearest 0.25 of a 
millimetre, using a micrometer.
7.5.2. Results and conclusions
The depth of retained graphite observed on the selected pipe samples, after blasting, are 
given in Table 24. It should be noted that in all cases, the retained graphite was present on 
the extemal wall.
Table 24. Average depth of retained graphite for each pipe section
Contractor Sample number
Maximum pit 
depth measured 
(mm)
Average depth of 
retained graphite 
(mm)
1 5.01 0
Cl 2 3.51 0
3 3.82 0
4 4.22 0
C2 5 2.90 0.75
6 4.26 0
7 1.20 1.00
C3 8 4.40 1.52
9 5.20 2.29
Results presented in Table 24, average depth of retained graphite, show that in five out of 
nine cases, graphite is entirely removed by the blasting process.
Sections of water main assessed by Cl did not show any evidence of retained graphite, or 
partially graphitised material, within corrosion pits. Removal of graphite from the pipe wall 
was uniform, and no differences in accuracy of removal could be observed between the best 
and worst condition mains.
The inspection of water main sections assessed by C2 revealed that in one out of the three 
pipes investigated, some partially graphitised material was present in the pits. This material 
was present in four pits and measured between 0.5 and 1mm in depth. The pipe in question 
has a maximum measured pit depth of 2.9mm, which would increase to 3.9mm, when
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considering the maximum depth of retained graphite which is present on the pipe. Due to 
the difficulty in determining the boundary between sound metal and graphitisation, these 
results are not considered significant.
An inspection of the sections of water main having undergone condition assessment by C3 
revealed extensive retained graphite within numerous corrosion pits. The depth of retained 
graphite increases with pit depth, with an average depth of retained graphite within pits over 
the three section of water main of 1.6mm. When depth of retained graphite and maximum 
pit depth on each pipe is considered (Table 24), the maximum possible pit depths are 2.2mm 
(sample 589), 5.92mm (sample 456) and 7.49mm (sample 506).
There are several reasons for non-removal of the graphitised corrosion product from the pipe 
wall. The accuracy of the blasting process is dependent on the operational conditions. 
Depth of graphite removal will be related to the time of blasting. Should the time of blasting 
be inadequate, the deepest pits will not be exposed and the extent of corrosion of the main 
will be underestimated. Ineffective removal of graphite could also occur where the operator 
does not target the media at areas worst affected by corrosion, or where the media used does 
not have adequate abrasive characteristics. The nature of the errors in the sand/grit-blasting 
process suggests that the inaccuracies observed in this investigation are not necessarily 
present in all such assessments carried out by C3. Reliability of results obtained through 
this program of research would be enhanced if these additional pipe sections were examined.
7.6. SUMMARY
The WRc and WA techniques for remaining life prediction were assessed to determine 
whether the method of remaining life prediction is appropriate for use within a modem water 
utility. An assessment of the sensitivity of the equations to pit depth, wall thickness and pipe 
age were investigated. The results of this investigation showed that the sensitivity of the 
equations varied for each parameter. A number of other problems with technique were also 
identified, which were related to variability in pipeline condition, changes in corrosion rate 
over time, the use of British Standard wall thicknesses and the accuracy of the shot-blasting 
technique for graphite removal.
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The sensitivity of the equations to pit depth decreased with an increase in pit depth. 
Significant differences were seen at low pit depths, but were not evident at higher pit depths. 
The effect of inaccurate pit depth measurements on decision making within rehabilitation 
planning will therefore be minimal. This is because the projected remaining life will be most 
affected at low pit depths, where remaining life is high. Where a main is highly corroded, an 
error in pit depth measurement of 0.5mm will have a limited affect on remaining life.
The effect of changes in wall thickness in older mains was shown to have a significant effect 
on projected remaining life at low pit depths. As with pit depth measurements, changes in 
wall thickness would have an insignificant affect where the level of corrosion is low. The 
resulting changes in projected remaining life will not be significant, as such main will have a 
long estimated remaining life. The sensitivity of the equations to errors incurred in wall 
thickness measurements can therefore be considered to be insignificant. The methodology 
for estimation of pipe age results in potential large inaccuracies, up to approximately 70 
years. The sensitivity analysis showed that an accurate estimate of pipe age is required to 
enable comparative estimates of remaining life. The inaccuracies that can result from poor 
estimation of pipe age can have significant effect on the projected remaining life of a main, 
and where mains are in poor condition this could impact upon rehabilitation decision making. 
As the installation records for water mains are rarely available, this result is significant and 
indicates that the use of this technique to enable prioritisation of maintenance will be 
inaccurate, where accurate pipe age is not known.
In addition to the inaccuracies in measurements taken from the pipe, the method for the 
projection of pipeline remaining life will be sensitive to the variability in pipeline condition 
along the length of a main. The condition of a main will vary along its length due to changes 
in material quality and environmental conditions. Comparison of condition assessment 
results from sections of main excavated from the same street showed that significant 
variation in the extent of corrosion on a main can be observed within a relatively short 
distance. The remaining life prediction resulting from an excavated section of main will 
depend on the sample location and the environmental variability, and care must be taken 
when extrapolating condition along an extended length of main.
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The WRc and WA equations for the projection of remaining life assume that the rate of 
corrosion of a buried ferrous main is linear throughout the life of the main. To determine 
the accuracy of this assumption, the depth of corrosion on excavated sections of main, where 
accurate estimates of pipe age were available, were investigated. This showed that the rate 
of corrosion dropped significantly after the first ten years of burial, suggesting that the 
projected remaining life will be underestimated. This is especially true when considering 
ductile iron mains or younger spun iron mains where the high rate of corrosion after burial 
will be used to predict remaining hfe.
British Standard wall thickness guidelines are used as estimates of wall thickness within the 
equations, where measurements of wall thickness cannot be taken due to corrosion. The 
difference between the measured pre-shot-blasting wall thickness and British Standard wall 
thickness were investigated for a range of material types. The average wall thickness across 
the full diameter range was considered for vertically cast iron, spun grey iron and ductile 
iron. For vertically cast iron mains 25% of sections had wall thicknesses above that 
prescribed in the British standard. When considering vertically cast mains, the use of the 
British Standard is therefore an over estimation of wall thickness in most cases, though this 
conclusion will be affected by the loss of wall thickness due to corrosion damage. For both 
spun grey iron and ductile iron, approximately 75% of mains investigated had a wall 
thickness above the British Standard wall thickness. The variation above the British standard 
was low, and for these material types, the use of the British Standard wall thickness as an 
estimate of original wall thickness is appropriate.
The final problem identified within the methodology for predicting remaining life is the 
accuracy of the shot-blasting technique for the removal of graphitic corrosion products. 
Inspection of shot-blasted pipe sections revealed potential problem with the extent of 
removal of corrosion deposits. The accuracy of graphite removal was investigated by 
selecting a number of pipes for condition assessment and inspection of the quality of the shot 
blasting, post assessment. Nine pipe sections of a similar age and environmental exposure 
were selected and distributed between three condition assessment contractors. The results of 
inspecting the returned pipe sections after shot-blasting revealed a problem with one 
contractor, which resulted in a significant amount of retained graphite within the corrosion
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pits. This would result in an under estimation of pit depth and therefore an over estimation 
of remaining life where condition assessment was carried out by this contractor.
The problems identified here all affect the accuracy and comparability of the remaining life 
prediction technique. Where the aim of the technique is not to give an exact prediction of 
remaining life, it does however aim to enable comparisons to be made between mains to 
prioritise mains for maintenance. The problems identified here suggest that the technique is 
not appropriate for the use in the prioritisation of maintenance, as the differences caused, 
paiticularly by a lack of knowledge of pipe age, will result in non-comparable results.
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8. MODELLING PIPELINE CONDITION AND PERFORMANCE
The deterioration of ferrous water distribution systems is a complex process, influenced by 
the internal and external environment. The factors that will contribute to the corrosion of a 
ferrous water main are numerous, resulting in difficulties in the prediction of water main 
condition without excavation. Data collection programmes are underway within many water 
utilities, providing information related to the internal and external influences which can 
affect pipeline condition.
This Chapter discusses the published literature regarding the collection of information 
related to the condition of the water distribution systems, and the analysis of that data to 
better understand the condition and failure of the system.
8.1. DATA COLLECTION
The quality of a data set, and therefore the accuracy any subsequent analysis of that data will 
be affected by a range of factors, including:
• Reason for data collection
• Method of data collection
• Sampling strategy
• Resolution
• Geographical spread
• Storage method
• Data entry method
The importance of data collection within a water utility is addressed by Alhamoud (1990), 
Habibian (1994) and Kane (1995). Alhamoud (1990) identifies record keeping as one of the 
most important components of management and operation of water distribution systems, and 
describes the methods and benefits of data collection for the purpose of network 
management. Habibian (1994) and Kane (1995) also stress the importance of data collection.
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and describe a methodology for constructing databases related to water distribution systems. 
The information stored by a water utility should be related to (Habibian, 1994):
Characteristics of the main 
Internal and external condition 
Soil conditions 
Failure and leakage records 
Water quality data 
Pressure problems 
Operational records 
Customer complaints records 
Meter data 
Operating costs
Kane (1995) cites Severn Trent Water as an example utility. In this example, data was 
analysed by DMA (district meter area) in five groupings; water quality, aesthetic qualities, 
revenue costs, leakage, structural condition. Within each grouping, DMA were prioritised in 
order of maintenance requirement. This enabled DMA to be targeted depending on which 
service indicator is the focus of maintenance. Data management systems can also be of use 
in determining the cause of mains failure (Ciottoni,1983).
The resolution of information collected is of great importance and will affect the accuracy 
and usefulness of any spatial analysis carried out. The problems associated with spatial 
analysis of infrastructure condition are related to the size of the spatial unit used (Mishalani 
and Koutsopoulos, 1993). The condition assessment will not be sensitive to unit size if there 
is no spatial variation in corrosion. However, if there is variation in the degree of corrosion 
across an area, misleading assessments can results from the use of small spatial units, as 
deterioration of local mains within the area will not be taken into account. An increase in 
size of spatial unit will also result in misleading results due to a loss of detail through 
averaging. The spatial unit should therefore be large enough so that the precision of the 
estimate of the level of deterioration is maximised and the loss of information is minimised.
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8.2. DATA ANALYSIS
The data collected by water utilities has been the subject of analysis in attempts to predict 
either the condition, or future performance, of a water main, without the need for pipe 
excavation. This data can be related to above ground influences such as climatic influences 
and traffic loading, below ground influences related to soil conditions and internal influences 
dependent on the characteristics of the water being conveyed within the system. In addition 
to these causes of deterioration, failure can also be attributed to quality of material and 
installation practices.
8.2.1. Failure related to above and below ground influences
The influence of climate on the occurrence of pipe failure is of significance to water utilities 
throughout the world. Newport (1981) described analysis carried out on data related to 
climatic factors, burst information, pipeline age, material type and diameter, collected 
between 1976 and 1978. Data was considered using a banding system according to burst 
type, pipe material, age and diameter. This data was then plotted over time to identify peak 
burst periods over the year, and then against the cumulative temperature below zero. A 
relationship was identified between periods of cold weather and high circumferential burst 
rates, in the winter months. The first cold period of the winter was found to produce a 
greater number of bursts than later cold periods occurring later in the season. This was 
attributed to the weaker pipes experiencing failure during the first cold spell, leaving fewer 
vulnerable mains in the ground. A summer peak in burst rates was also identified between 
the end of June and October, where average burst rate rose from 2.0 to 5.2 burst per day. 
The highest summer burst rates were found to coincide with highest soil moisture deficit 
(SMD).
Similar patterns in water main failure were highlighted by Habibian (1992), within a study 
into failure and leak records. Specifically a link between climate and summer and winter 
peaks in burst rate was identified. The effect of increased frost loading on mains due to cold 
weather was the subject of an investigation by Monie and Clark (1974). Monie and Clark 
demonstrated that the effects of frost heave resulted in a doubling of the external load on 
buried mains. In addition it was demonstrated that loads are transferred over greater
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distances during periods of frost. In other related studies, Rajani et al, (1996) calculated the 
pressure exerted by the frost on the pipe, and Cohen et a l (1979) assessed expect frost load 
with frost depth using a boussinesq approach.
The relationship between pipes burst and environmental factors within the London area of 
the Thames Water Utilities region was investigated by Lyon (1996). The data sets used 
within this study were related to pipe bursts (failure type, location data), soil information 
(soil fracture potential and corrosivity), meteorological data, pipe age data, and mains length. 
General trends in burst occurrences were identified within this study, the most important 
being that;
• Most bursts occur between November and February
• Burst rate increases as pipe diameter decreases
• Majority of failures in small diameter mains are transverse
• There are an increased numbers of longitudinal bursts and holes in the summer
for large diameter mains.
In addition to these general relationships, winter bursts on mains greater than 300mm 
diameter were found to correlate well with soil fracture potential and mean air temperature. 
The general conclusions drawn were;
• Burst frequency is related to soil type
• Increased burst frequency is associated with higher fracture potential and
corrosivity classes
• Soil type may be used to determine areas at most risk from bursts. Small
diameter pipes should be protected in areas of high fracture potential. Larger
diameter pipes should be protected in areas of high corrosivity
• A good correlation exists between weather and bursts.
An assessment of Thames Waters burst data in the London area was also carried out by 
Jarvis et al (1996). This was related to the relationship between burst occurrences and soil 
conditions (fracture potential and corrosivity). The study highlighted links between 
increasing pipe diameter and a decrease in bursts, and a close relationship between certain
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types of soil and burst occurrence. Burst occurrence was found to be more closely related to 
soil type than age. In particular, 50% of burst occurred in highly corrosive soils, with burst 
rate increasing with soil corrosivity. Pipe diameters of 300 to 449 mm had the highest burst 
rate in all corrosivity classes (Jarvis et a l, 1996). Fracture potential was also found to be an 
important factor. Approximately 15% of mains occur in either high or very high fracture 
potential, but more than a quarter of bursts occur in those area. Other factors which may 
influence burst occurrence were given as; severe frost, poor backfilling, traffic, loading 
above pipes, and excavations.
Failure rates for major soil types were calculated by Newport (1981). This showed that 
some soils can have twice the failure rate of other soils. Generally sand and gravel bedding 
results in low failure rates, whereas clays result high failure rates. Soil type has a 
considerable influence as it affects the stress on the pipe, and the likelihood of external 
corrosion. Two major causes of the failure of iron pipes were identified as ground loading 
and corrosion, where ground loading is influenced by frost, drought and soil type. Newport 
concluded that age is not a good indicator of pipeline condition. Though pipes do deteriorate 
over time, the extent cannot be determined from age alone.
The primary cause of cast-iron main breaks was identified by Fitzgerald (1968) as corrosion. 
Breaks occur where pipes have been weakened as a result of graphitic corrosion, although 
actual failure may be due to applied stress. Corrosion studies have shown carbon steel, grey 
cast and ductile iron all corrode at the same rate in a given same soil. It was found that the 
rate depended on the properties of the soil and not the composition of the pipe, or the 
manufacturing process. Habibian (1992) developed criteria for estimating the corrosion risk 
of a particular main. Additional loads can be imposed by expansive soils or point loads, 
caused by rocky areas. Performance of a pipeline can also be affected by the position of the 
groundwater table and its seasonal variation.
The effects that the local environment on the deterioration of a pipeline was considered by 
Baracos et al (1955), within a study carried out in the severe soil conditions of Winnipeg, 
Manitoba. One cause of pipe failures was found to be stray currents from street railways. 
However, extensive severe corrosion was also observed in areas away from possible sources 
of stray currents. This could be attributed to the soluble salts of sodium, magnesium and 
calcium which are present in Winnipeg soils. The main influence of pipeline condition is
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given by Oliphant (1987) as corrosion by water and soil, installation damage to coatings, 
traffic loading, and the weather. Also highlighted is the difficulty involved in using this data 
to predict pipeline condition over a short distance. This was confirmed within Chapter 7, 
which details the differences observed in pipeline condition along entire mains excavated 
from London streets.
8.2.2. Failure related to internal influences
Numerous investigations to determine the cause of internal corrosion have been carried out. 
The water quality parameters that contribute to internal deterioration ferrous mains were 
identified by Millette and Mavanic (1988). These were found to include pH, velocity (or 
pressure), hardness and dissolved oxygen content. In addition to this a relationship between 
pressure and corrosion was identified and it was found that the internal corrosion rate of a 
pressurised water distribution system is double that of a gravity-fed system. Millette and 
Mavanic also concluded that the iron level in tap water is higher than that in raw water, 
implying that iron pick-up occurs in the distribution system, which may be due to corrosion. 
Discoloured water is normally a by-product of internal corrosion, suggesting that customer 
complaints regarding water quality may give a good indication of where sampling should be 
concentrated. Routine sampling of tap water could also be of use to identify potential areas 
of internal corrosion.
The internal stresses which occur within the distribution system as a result of temperature 
change were studied by Wedge (1990). It was demonstrated that the internal pressure within 
a water distribution system increase by up to 200 psi (13.8 bar) for a 10°F (5.5°C) reduction 
in temperature, due to thermal expansion of the water. This supports numerous publications 
detailing the increased pipe break rates in low temperatures, as discussed in Section 8.2.1
8.2.3. Failure related to installation practices
The failure of a water main may be affected by factors other than its condition and 
environment. The relationship between the occurrence of bursts, and material type and pipe 
age were investigated by Newport (1981). A number of observations were made that could 
be attributed to the material type. Firstly, an increased burst rate was identified in mains 
which were installed in the 1940’s. This was probably due to the effects of using poor
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quality material after the Second World War. Secondly, the burst rate within spun iron was 
found to be four times higher than the burst rate in older vertically cast mains. This was 
attributed to stress corrosion which only occurs in spun iron. Stress corrosion results in the 
formation of fissures, which can lead to circumferential fractures. Pipe breakage records 
were also investigated by Ciottoni (1983), and several trends were identified. An overall 
decrease in breakage rates was recorded between 1941 and 1981. This was attributed to the 
increased quality of mains, where poor quality mains were being replaced. The breakage rate 
was also shown to be higher in smaller diameter mains, than in large diameter mains.
8.3. MODELS
The deterioration and failure of water distribution network has been the subject of 
experimental and theoretical research since the 1920s. The broad focus of the research 
programmes has been; the prediction of failure rates and time to failure of buried ferrous 
mains, the optimum replacement time of mains, and modelling the physical deterioration of 
water mains. The purpose of the research carried out by the Author is to determine whether 
the physical condition of a water main can be predicted from a combination of the factors 
which lead to their deterioration, and the effects of water mains deterioration which can be 
seen in their subsequent performance.
8.3.1. Modelling pipe failure
Numerous models exist for the prediction of pipeline performance or condition, using 
knowledge of pipeline behaviour under certain environments. These include those 
developed by Madiec et al. (1996), Shamir & Howard (1979), O ’Day (1986), Andreou et al. 
(1987), and Clark et al. (1982).
The implementation of a probability model for the renewal of distribution networks is 
described by Madiec et al. (1996). Survival analysis is employed to predict total number of 
bursts, using data relating to year of laying (quality of material, laying technique), diameter, 
type of water, soil corrosion, traffic, and number of previous breaks. Pipes are grouped into 
three categories of pipe:
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i. Pipes sustaining first break due to ageing, where the risk of failure increases with age,
ii. Pipe sustaining second third or fourth break, where the risk of failure is less dependent 
on age, and
iii. Pipes with more than four breaks, where the risk of failure is the same for each break 
which is not dependent on age.
The pipe break data was available for 1270 sections, collected over a 42 year period. These 
represented a total of 335km of water main. Pipes were divided into groups covering all 
available factors (diameter, soil corrosion etc), using a GIS. The model was constructed 
from bursts data originating from the period 1951 to 1983. Breaks were then forecast for the 
period 1983 to 1993. The model predicted 247 breaks over this period, where 257 actually 
occurred, giving a 4% variation. Forecasts are corrected after a break has occurred, and 
these pipes are then classified amongst those most at risk. This method does not enable 
precise identification of pipes sustaining their first break.
A probabilistic model for predicting the need for pipeline maintenance referred to as 
KANEW was developed by Deb et al, (1998). KANEW was developed using historic data 
related to water main life, and estimates length of main which require rehabihtation and 
replacement on an annual basis. The basis of the model is a water main inventory which 
includes parameters such as pipe age, soil characteristics, material and diameter. Survival 
probabilities were then obtained using the Hertz probability density function. As with that 
developed by Madiec (1986), KANEW does not identify individual mains in need of 
maintenance. The extent to which this model will be of use to a water utility will therefore 
be limited, as it predicts potential need for maintenance, rather than identify mains which are 
likely to require maintenance.
The models developed by Madiec (1986), and Deb et al, (1998) are of use in decision 
making regarding maintenance funding, in order to determine the number of failure which 
are likely to occur in a given time period. The models do not however enable identification 
of mains which are likely to fail, and where the models may be useful in allocating budgets 
to rehabilitation or replacement, its use in planning actual replacement of individual mains 
will be limited. The rehabilitation planning requirements of a utility would not be met by
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such models, and a system w hich predicts failure rates on individual pipe section would be 
favoured.
A probability based approach was also used by Andreou et a l (1987) to predict failure 
probability of individual pipe sections. Cox’s regression model was used to assign a survival 
probability to individual pipe sections, thus providing a probability of failure. This model 
provides a theoretical approach to failure modelling using detailed information on soil type, 
loading and pipe condition. The data sets available within UK water utilities are limited. 
Where the model produced by Andreou provides a measure of the future failure rate in 
individual sections of water main, the application of such a system to water distribution 
network in the UK would require extensive data collection and would be costly. The 
successful application of such a model would be dependent on a consideration of the data 
which is available within a water utihty. Development of a model such as that developed by 
Andreou et a l (1987) may theoretically enable quantification of the potential number of 
bursts which will be seen on a main, but is application would be limited.
The development of UtilNets by the Computer Technology Institute (CTI) (CTI, 1997), used 
failure probability in the development of a decision support system for the optimisation of 
water distribution network rehabilitation. Remaining life predictions and the consequences 
of maintenance and neglect over time can be determined for grey cast iron mains. 
Specifically UtilNets can calculate, amongst others; likelihood of failure, consequences of 
rehabilitation options over time, and network reliability. The UtilNets system is a theoretical 
model based on the calculated stresses which can occur on a section of water main. The data 
used within the model includes factors such as the unsupported beam length, detailed 
chemical and physical characteristics of the soil type surrounding the mains, detailed 
knowledge of the distribution system characteristics, including age and material, and 
diameter. The UtilNets model can theoretically be implemented without the full 
complement of data, as default values are used where no data is available. However, the 
data required to implement the UtilNets system is detailed, and a significant proportion of 
the data required would not be available. The use of default values in the majority of data 
sets would therefore result in a model that is not representative of the system conditions, and 
the resulting predictions would be inaccurate.
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An economic approach to estimating optimum replacement time was considered by Shamir 
& Howard (1979). This used a regression based approach to predict the number of pipes 
breaks in a given year. Optimum time to pipe replacement was determined using the costs 
associated with pipe repair over the cost of replacement. This analysis was refined by 
Walski & Pelliccia (1982) through the inclusion of additional factors that account for 
previous breaks, differences in breakage rates for small diameter mains, and the effect of 
cold weather on break rates. Further improvements were carried out in 1987 by Walski, 
involving the consideration of the cost of lost water. The data used in these investigations 
included costs related to replacement and pipe breakage, annual break rate and rate of 
increase in breaks, annual cost of leak detection and repair, cost of valve replacement, annual 
rate of increase in valve breakage, interest rate, in order to find the optimum time to 
replacement, T. Replacing the pipe before T, results in expenditure on premature 
replacement. Delayed replacement results in too much money being spent on maintenance 
and repair. Time based replacement of mains with a failure history was also considered by 
Karaa et al. (1987). This analysis involved grouping mains according to characteristics, and 
assessment of reliability of these groups of mains carrying the same characteristics carried 
out using a failure model based on their contribution to the operational performance of the 
system.
Numerous alternative approaches to modelling failure have also been considered. A linear 
equation was developed by Clarke et al. (1989) which used pipe age, material type, soil 
parameters and pressure to predict time to first burst from installation. After the first break 
an exponential equation was applied to determine the future breakage rate. Further statistical 
approaches were considered by Kettler & Coulter (1985). These involved consideration of 
the relationship between pipeline characteristics (diameter, material), pipe age and break 
records. A strong inverse relationship was identified between breakage rate and pipe 
diameter, where pipe breakage rate increased with decreasing diameter. In addition, a 
relationship was also identified between breakage rate and pipe age, where breakage rate 
increased with age.
Other studies were carried out by Andreou et al. (1987) who used a probabilistic assessment 
consisting of a proportional hazards model to predict failure probabilities of younger pipes 
suffering from relatively low levels of corrosion, and Poisson distribution for older pipes 
suffering from more severe corrosion. A Poisson distribution was also used to predict break
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probability by Coulter & Karnezi (1988), and Coulter (1993) who studied the spatial and 
temporal clustering of water main failures.
In contrast to the theoretical probability based approaches, several studies were carried out 
using data available within water utilities. A methodology for predicting time to failure of a 
water main was proposed by Clark et al. (1982). Multiple regression analysis was used to 
predict the time to first repair, and also the number of bursts which occur for a period of time 
following the first burst. The respective coefficients of multiple determination (R“) which 
were associated with these equations were 0.23 and 0.47. The R  ^ values imply that these 
account for only 23% and 47% of the variation in time to first repair and number of bursts. 
The low R“ value can be criticised as it is not accounting for much of the deterioration, but 
this is affected by the resolution of the data, and the data available within a utility, where 
information on only a small number of the factors related to failure will be collected. The 
actual usefulness of the models may be better than a theoretical model as the model 
represents the true situation, rather than theoretical predictions.
A regression based approach was also employed by Oliphant, (1997) to model the 
deterioration in condition of ferrous water mains. The analysis was carried out using 247 
samples, with consideration being given to 24 variables. Variables available for use were 
related to the internal and external environmental condition, the pipe age, material type and 
diameter. Water main condition was considered in terms of thinnest remaining wall 
thickness and pit depth. The coefficient of multiple determination that resulted from this 
analysis was 0.353, indicating that the model accounted for 35.3% of the variation in 
condition. Oliphant concluded that the low coefficient of determination was due to the 
highly localised micro-environmental conditions, which are not accurately reflected in the 
raw data. The collection of such data that would enable accurate prediction of pipe condition 
would be expensive and time consuming due to the nature of the variation within the internal 
and external environment.
A statistical investigation of historic burst data was carried out by Oliphant et al. (1997). 
The purpose of this investigation was to assess the dependence of burst rate on ‘system 
features’, including the characteristic of the water distribution system, and the external 
environmental conditions. The data was analysed statistically using a generalised linear 
model (GLM) to represent the data, using a significance level of 95%. The data used in the
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model included material type, diameter, pipe age, soil corrosivity data. Material type, 
diameter, age were found to be the most significant. Pipe burst rate was predicted for 
different diameters and materials, and the difference between the actual and expected burst 
rate was calculated, and then standardised to allow for length differences. General 
relationships were also found within the data. An increased burst rate was found near public 
buildings, hospitals, post offices, short cuts between major roads, heavily used roads, road 
junctions, farm tracks, cul-de-sacs, and bends/deviations in the mains. This indicates that the 
propensity of a main to burst is related to factors such as the traffic load, and the quality of 
the road surface, and the flow regime within the main. Other general factors identified 
included weather, aggressive soils, poor installation, third party damage, pressure, and traffic.
8.3.2. Modeling pipeline deterioration
The deterioration of pipelines has been addressed on numerous occasions with the 
development of predictive corrosion models, based on experimental data. The first of such 
models was developed by Romanoff (1957), in conjunction with the National Bureau of 
Standards. The Romanoff study involved the use of experimental data originating from 
36,500 samples buried in 47 different soil conditions, and began in 1922. The resulting 
equation was of the form of Equation 8:
P=k(T)" - Equation 8
Where:
P = depth of deepest pit
T = time
k,n = parameters related to soil and material
This initial research has since been used in the development of subsequent models. An 
example of such is that described by Rossum (1969). Rossums’ equation used further soil 
parameters including resistivity and pH, and was of the form of Equation 9:
P = f (S).(T).[(10-pH)/R]^ - Equation 9
Where:
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p = depth of deepest pit 
S = soil parameters 
T = time
R = soil resistivity 
N - parameter
Other approaches include that developed by Kumar et al. (1984), which utilises a Corrosion 
Status Index (CSI). The CSI is a function of;
• Pipe characteristics (type, material, diameter)
• Pipe protection (coating, cathodic protection)
• Soil parameters (resistivity, chlorides, sulphides, pH, moisture content)
• Burial depth.
CSI is denoted by Equation 10;
C S I =  1 00 - 1 00 [P a v / t ]
Where:
Pav = average pit depth on a Im section of pipe 
T = wall thickness
This equation will theoretically enable the prediction loss of pipe wall thickness over time, 
and therefore residual pipe strength.
Theoretical models of pipeline deterioration are of use where specific pipe condition and soil 
characteristics are known. In the UK water utilities, information regarding the chemical 
characteristics of soil surrounding the mains is rarely available. The extent of soil 
information is generally available as soil type maps, and more recently in the form of soil 
corrosivity and soil fracture potential maps as developed by Jarvis et al. (1997). Knowledge 
of pipe condition from excavated sections of water main is also limited. A water utility may 
have several hundred, or even thousands of samples of water main. These are typically of 
500mm in length, though the soil characteristics which were surrounding the mains are
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generally not recorded. The application of these equations is therefore limited, as the 
baseline data from which the predictions can be made is not available.
8.4. SUMMARY
Literature relating to the modelling of pipeline condition and performance can be separated 
into three areas of data collection, data analysis and model development.
The quality of a data collection programme will affect the value of the resulting dataset and 
therefore its usefulness in both the analysis of relationships between datasets, and model 
development. Dataset quality will be affected by such factors as; the reason and method of 
collection, the sampling strategy, resolution and coverage of the data, and also the method of 
storage.
The analysis of the data sets collected by water utilities as part of their operations are 
generally considered in terms of the relationship between pipe failure and external influences, 
and the relationship between pipe failure and internal influences. External influences may 
include climatic factors such as temperature and rainfall, or soil conditions. Several general 
relationships are known to exist, namely:
• The incidence of bursts is related to temperature. The majority of bursts occur in
winter months, though a summer peak is also seen;
• Burst rate increases as pipe diameter decreases;
• Failures in large diameter mains are generally longitudinal whereas those in small
diameter mains are generally transverse;
• Burst occurrence is related to soil type and particularly clay content.
Published analysis links factors such as pipe diameter and burst type, and burst occurrence 
and soil characteristics. In addition, analysis has been carried out to determine the burst 
rates for individual soil types. The burst rate of a main has been found to relate not only to 
soil type, but also the stress environment to which the main is exposed. Other factors that 
lead to bursts include stray currents from railways, installation damage and traffic loading.
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A number of investigations have been carried out to investigate the link between the internal 
environment and the condition of the main. Key water characteristics related to corrosion 
have been identified as pH, velocity, calcium content and dissolved oxygen content. 
Discoloured water results from internal corrosion and therefore water quality complaints 
data may be a good indicator of corroded mains. The characteristics of the water can affect 
the system in other ways. Water temperature influences water main performance and 
increases in internal stresses occur as a result of thermal expansion, leading to pipe failure.
Installation practices can influence the performance of a main. Material quality is a key 
factor, and differences have been observed in performance of mains laid during particular 
periods, for example, changes in material quality during periods of poor quality material 
supply, such as during and immediately after war times.
These relationships have been used in the development of models, the broad aim of which 
have been the prediction of failure time, optimisation of replacement strategies and 
modelling physical deterioration. The development of pipe failure models generally utilise a 
probabilistic approach, relating infomiation regarding pipe characteristics and environment 
to likehhood of failure. Other more complex systems exist which use theoretical modelling 
to determine time to failure using knowledge of the pipe characteristics and the stress 
environment, though such models may be difficult to populate. A number of models use 
regression based techniques to determine optimum replacement, or to examine the 
relationship between condition and environment or pipe condition, and performance 
measures such as burst or leaks. Modelling of physical pipeline deterioration has been 
carried out on several occasions. These models use large volumes of experimental data from 
pipelines buried under controlled conditions. The equations produced enable an estimate of 
pipe condition to be made using known environmental factors and pipe age. Given that 
detailed soil parameters are rarely known, the application of such as system with a water 
utility would be limited.
The deterioration of pipelines has been the subject of much research in recent years. The 
resulting relationships and models will be of use in the development of an understanding of 
the Thames Water distribution system, and indicate the likely datasets that may be required 
to identify useful relationships.
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9. ASSESSMENT OF AVAILABLE DATA
Data available within a typical water utility, such as Thames Water, may give an indication 
of the likely condition of a water main. This data may be useful in the development of an 
alternative technique for determining water main condition. The usefulness of the data will 
be affected by the accuracy of the datasets available, the geographic spread of the data, the 
period over which the data was collected and the method of collection. These factors are 
discussed in this Chapter with respect to the relevant data sets that are available.
9.1. INTRODUCTION
The review of research into the factors which affect the deterioration of buried ferrous mains, 
or were the result of that deterioration identified numerous parameters. These are discussed 
in Chapter 4. An investigation was carried out to determine which of these data types are 
either routinely collected, or have been purchased by Thames Water. A summary of the data 
sets available within Thames Water are listed in Table 35. The data types identified can be 
separated into three categories; pipe based data, resulting from direct measurements of 
pipeline corrosion, environmental data regarding direct influences on the rate of pipe 
corrosion, such as soil or internal water characteristics, or information related to the 
performance of the distribution system. Data origin, quantity and format, are described in 
Section 9.2 to 9.4, and are summarised in Table 35.
9.2. PIPE BASED DATA
Data originating from excavated sections of water main, which concern the structural 
condition of the distribution system, will be available within a typical water utility. This 
data is the result of destructive testing of excavated section of water main for remaining life 
prediction, using the methodologies described in Chapter 6. The excavated sections may 
originate from water main rehabilitation programmes, or alternatively could result from 
studies carried out for regulatory submissions to OFWAT. With Thames Water, such data
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has been collected as part of the mains rehabilitation programme and the AMP2 submission 
to OFWAT. Information related to the structural condition of water mains is held within the 
Pipe Condition Database, which was developed as part of this EngD research project.
Development of the Pipe Condition Database began in March 1998. Development was 
initiated because the data regarding the condition of the distribution network existed or was 
being continuously generated as a paper record. The information held within the database 
originates from pipe cut-outs excavated from the water distribution network. Sections of 
excavated pipe section are assessed to determine the extent of corrosion damage which the 
pipe is suffering (see Chapter 6). The results of the analysis of pipeline condition, and 
prediction of remaining life are received by Thames Water in the form of a Condition 
Assessment Report. The Condition Assessment Report contains information related to pipe 
dimensions and material, approximate pipe age, location details and condition assessment 
results. The pipe condition database, which is used to store the Pipe Condition Reports, was 
developed in Microsoft Access, with data originating from several sources:
1. Condition Assessment Reports held by the Thames Water pipeline rehabilitation group. 
This data has been collected over the period 1996 to the present day.
2. Condition Assessment Reports completed as part of the infrastructure assessment, for the 
second Asset Management Plan (AMP2) submission to OFWAT. AMP2 condition 
assessment was carried out in 1994.
3. Condition Assessment Reports completed as part of the coliform study, for the AMP2 
submission to OFWAT. Condition assessment carried out as part of this study was 
carried out in 1994.
4. Condition Assessment Reports processed as part of Thames Water Research and 
Technology (Pipe and Soil Technical Archive, PASTA). Pipe samples held within 
PASTA originate from the DMA installation carried out across the Thames Water region. 
PASTA condition assessment data is available for the period 1998 to the present day.
5. Condition Assessment Reports carried out for research at the University of Surrey. 
These reports were completed in 2000.
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The contractors used to assess pipeline condition in these five sources of data vary. Sample 
records from sources 1 and 4 were processed by Warren Associates (WA, De Rosa, 1997)), 
all other samples (sources 2, 3 and 5) were processed by Stantons (Dempsey et al, 1986) 
using the Water Research Centre (WRc) methodology. The differences between the WA and 
WRc methodologies are detailed in Chapter 6, and include the assumptions made, and the 
measurements techniques. The implications of the differences will be limited as it is only 
the pit measurements, and material type which will be used within this analysis. It should be 
noted that although Stantons follow the WRc methodology for pipe condition assessment, 
they do not protect the ends of the mains before shot-blasting. The pit depth measurements 
are therefore taken from the post-shot-blasting wall thickness and are therefore directly- 
comparable to the results obtained from the WA methodology.
This database is being continually updated, and in April 2001, when this analysis took place, 
over 1500 processed condition reports were held. A complete list of fields within the pipe 
condition database is provided in Table 25. The breakdown of the origin of these reports is 
presented in Table 26.
The pipe condition database was geo-referenced by hand, using the Thames Water GIS 
system, ThamesView, and Ordnance Survey maps, both on the internet and in a paper format. 
ThamesView contains digital maps of all Thames Water assets, and includes road names. 
Where address details were accurate to house number, exact grid references were assigned, 
via a search on ThamesView. In other cases where address details are only available to 
street level, the grid reference was placed on centre point of the appropriate street. This must 
be considered when handling this data and in particular merging data sets based on spatial 
information. The accuracy of this analysis will be dependent on interpretation of the datasets. 
The points within the pipe condition data set will be used to extract information from a larger 
dataset. It should therefore be ensured that data is extracted from a radius around each 
condition point, rather than at the exact location. This will reduce any errors which will be 
incurred from the use of data without exact grid references.
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Table 25. Data fields contained within the Pipe Condition Database
Field Name Description
Pipe ID Pipe ID number, from condition report
Stamp No. Stamp ID number for PASTA
FWC Full Wall Corrosion -  are any holes present?
Project Project for which the sample was taken. A = AMP2, C = Coliform 
study, R = Rehab, P=PASTA
Diam (mm) Nominal diameter (mm)
Diam (inch) Nominal diameter (inches)
Length (mm) Length of sample (mm)
Ext Diam External diameter (mm)
WA Diam External diameter as measured by WA
Pass/Fail Does the sample pass or fail condition assessment, (Fail if remaining 
life = 0)
Condition Description of condition of sample, as excavated
Pieces Number of pieces into which sample is broken
Age Estimated age of pipe at time of cut-out
Date of Cutout Date of cut-out
Address Address of cut-out
Postcode Postcode of cut-out
X Co-ord X co-ordinate of cut-out
Y Co-ord Y co-ordinate of cut-out
WPZ Name Water pressure zone name
WPZ Code Water pressure zone code
Area Geographical area form which sample was taken
Shelf Shelf number of cut-out (PASTA)
Analysed Has the sample been analysed?
Analysed Date Date of Analysis
Joint Does the sample include a joint? (PASTA)
Soil Was a soil sample provided? (PASTA)
Material Pipe Material. Cl = Cast Iron, SGI = Spun Grey Iron, DI = Ductile 
Iron, S = Steel
Pre Max Wall Pre-shot-blasting maximum wall thickness (mm)
Pre Min Wall Pre-shot-blasting minimum wall thickness (mm)
Pre Mean Wall Pre-shot-blasting mean wall thickness (mm)
Pre Min Diam Pre-shot-blasting minimum diameter (mm)
Tuberculation Tuberculation code
Max PD Ext C Max pit depth, external - crown section (mm)
Max PD Int C Max pit depth, internal -  crown section (mm)
Max PD Ext I Max pit depth, external, invert section (mm)
Max PD Int I Max pit depth, internal, invert section (mm)
Max PD Ext Max pit depth, external (mm)
Max PD Int Max pit depth, internal (mm)
Post Mean Wall Post-shot-blasting mean wall thickness (mm)
Pipe Depth Depth of pipe (m)
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The quantities of data which are available within the pipe condition database are listed in 
Table 26.
Table 26. Distribution of data contained within the Pipe Condition Database
Area Source of pipe condition data (see key) Total
1 2 3 4 5
Provinces
London
751
8
30
34
0
28
12
133
0
18
796
222
Total 759 64 28 149 18 1018
Key to Table 26
1 Water main rehabilitation programme
2 AMP2 condition survey
3 AMP2 coliform survey
4 PASTA (DMA meter installation
5 University of Surrey research projects
The sampling strategies used for the selection of mains for condition assessment will affect 
the usefulness of the results. The sampling strategies used will affect any trends within the 
data. Pipe cut-out sections originating from the water mains rehabilitation programme 
(Table 26, source 1) will have been taken from mains which have been targeted for 
potentially being in need of rehabilitation. The driver for rehabilitation in the UK water 
industry is for the reduction of water quality complaints. Water quality complaints can be 
related to the internal condition of the main, such as a high degree of tuberculation. 
Tuberculation occurs as a result of corrosion, and therefore the cut-out sections may be 
suffering from higher than average levels of internal corrosion. All other pipe cut-out 
information (Table 26, sources 2 to 5) originate from sampling programmes that were not 
focused on a specific characteristics of either condition or performance. The condition of the 
samples originating from sources 2 to 5 (Table 26) should therefore not be skewed towards 
either better than average condition or worse than average condition.
There are several sources of error in all of the above condition assessment reports. Errors 
could occur in measurement and recording of corrosion pit depth, and in data entered before 
October 2000, the transfer of data from the paper records to the pipe condition database. In 
October 2000 a system for updating the database was arranged with the contractors whereby
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information is inserted directly into the database. This data is replicated from the paper 
records provided as part of the rehabilitation programme, so no further errors should occur as 
a result of data entry. Other errors may occur in estimation of pipe age and material. The 
Pipe Condition Database was sampled for accuracy of transfer between condition reports and 
the database. 20% of all entries were checked for errors, resulting in 3 minor errors being 
found, related to spelling of addresses. This amounts to approximately 1.8% of all entries, 
and can be considered to be insignificant. Geo-referencing of this database revealed that 
much of the address information was incomplete. In these cases house numbers or towns 
were missing. This resulted in an increased time for geo-referencing, and in some case the 
property could not be located and the data had to be discarded. This problem has since been 
rectified, and full address information is now collected. Database accuracy is sampled as the 
database is updated. No errors occur between the paper records and the database due to the 
nature of the data transfer process. Data is entered directly into the database, from the 
measurements taken by the contractor. Errors could occur during the measurement of wall 
thickness and pit depth and recording of results. This is beyond the control of Thames Water 
and the assumption is made that the contractors are producing accurate measurements of pit 
depth during the reporting process.
9.3. ENVIRONMENTAL FACTORS
The deterioration of a water distribution system is expected to be related to both the internal 
and external environments to which the pipelines are exposed. The deterioration of buried 
ferrous metals is discussed in Chapter 4. Data that would be available within a typical water 
utility regarding the external influences of the main are related principally to the soil 
environment, and also above ground influences such as traffic loading and air temperature. 
Information related to the internal pipe environment will be data collected on the physical 
and chemical characteristics of the water being conveyed within the distribution network. 
Both types of data may give useful information into the probable condition of a water main 
that has been exposed to certain environmental circumstances.
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Other factors which may affect the condition or performance of a main include traffic 
loading and temperature. This data is not currently held by Thames Water and so cannot be 
included in this analysis.
9.3.1. External influences
Information related to the external environment to which a main is exposed is held by 
Thames Water, in the form of soil maps. Other influences include traffic loading and air 
temperature. These have not been considered as sufficient quantities of such data are not 
held by Thames Water. Soil maps can give a broad indication of the soil conditions 
surrounding the water distribution network. Soil maps do not, however provide accurate 
information on the chemical and physical characteristics of the soil surrounding to main due 
to the non-homogenous nature of soil. It may be possible for assumptions to be made 
regarding the environmental conditions to which the external surface of the pipe wall has 
been exposed. Two types of soil data are available within the Thames Water region; map 
based soil data and sample based soil data.
9.3.1.1. Map based soil data 
Two map based soil data sets are available within Thames Water, which represent soil 
fracture potential and soil corrosivity. This data originates from a study carried out in 1997 
by the Soil Survey and Land Research Centre (SSLRC) at Cranfield University, on behalf of 
Thames Water Research and Development (R&D). Jarvis et al, 1997 present the findings of 
a study on the relationship between soils and bursts records, and includes digital maps of soil 
corrosivity and soil fracture potential. This study was initially completed for the London 
area, but was subsequently extended to cover the major towns within the provincial area, 
namely Guildford, High Wycombe, Oxford, Reading, and Swindon (Dufour et a l, 2000).
The soil fracture potential class is a representation of a soil fracture potential model 
developed by Cranfield University (Jarvis et a l, 1997). The soil fracture potential model is 
based on the clay content of the soil and in particular, the ability of the soil to cause ground 
movement through shrinkage and swelling due to a change in moisture content. Cranfield 
University has defined six relative soil fracture potential classes. These classes, which are 
presented in Table 27, assess the relative vulnerability of a pipe to fracture induced by
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ground movement. The five fracture potential classes, which range from very low to very 
high, represent increasing fracture potential.
The soil corrosivity class represents a soil corrosivity model developed by Cranfield 
University. The soil corrosivity model is a classification system that was developed for 
application to conventional soil maps. Soil corrosivity class is based on soil texture, wetness, 
acidity, and sulphate/sulphide content (Jarvis and Hedges, 1994). Five relative soil 
corrosivity classes were defined, with an additional three classes to represent areas where 
little or no soil is present including areas of water and rock. The soil corrosivity classes are 
listed in Table 27b.
Table 27a. Soil fracture potential classes (Jarvis et al, 1997)
Soil Fracture Potential Class
1 Very Low
2 Low
3 Moderate
4 High
5 Very High
6 High * (Alluvial)
7 Inland Water (lake)
8 Inland Water (river)
Table 27b. Soil corrosivity potential classes (Jarvis er a/., 1997)
Soil Corrosivity Potential Class
1 Non-Aggressive
2 Slightly Aggressive
3 Moderately Aggressive
4 Highly Aggressive
5 Very Highly Aggressive
6 Rock Dominant
7 Inland Water (lake)
8 Inland Water (river)
The soil data sets used to produce maps of soil corrosivity and fracture potential originated 
from a 100m x 100m resolution raster data set, derived from 1:25,000 National Soil Maps
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(lands et a l, 1997). This data set exists âs digital maps in ESRI ArcView format, and can 
be used to assign soil fracture and soil corrosivity classes to areas of the distribution network.
The usefulness of the digital maps may be reduced by their origin being in the National Soil 
Maps. National soil maps originate from soil surveys. The general soil types will be the 
same, but there will be variation of chemical and physical characteristics within each type. It 
is not possible to map such variation, as it may be localised, and will not be detected within a 
soil survey. Much of the ground that surrounds water mains is known to be made-ground, in 
particular below London. In contrast the maps represent the natural ground, which in many 
cases is the soil that lies below the distribution network, and not that which surrounds the 
mains. An additional factor that is not considered is the use of imported backfill in the 
installation of the mains. A large number of the Thames Water mains are surrounded by an 
imported material, and it is this imported material that will have a direct impact upon the rate 
of the deterioration of the mains, rather than the soil type identified from National Soil Maps. 
These factors will affect the usefulness of the data set. When the data and soil maps are used 
for analysis, the inaccuracies created from their assumptions must be considered.
9.3.1.2. Sample based soil data 
Chemical analysis of soil samples taken directly from sites of pipe excavations exist for 4 
areas of the Thames Water distribution network. These are North London, South London, 
Swindon and Oxford. All the soil samples originate from the AMP2 programme, which 
involved the excavation of both soil samples and pipe samples from various locations around 
the Thames Water region. Samples were excavated from areas adjacent to buried water 
mains that were used within the AMP2 programme. Their selection was random, to provide 
an overview of the condition of the distribution system. Table 28 shows the limited 
availability of soil samples across the Thames Water region. Soil samples underwent 
laboratory examination, recording the parameters hsted in Table 29.
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Table 28. Availability of soil Samples originating from the AMP2 programme
Area Number of samples
London 46
Provinces 12
Total 58
Table 29. Soil parameters recorded during the AMP2 soil analysis programme
Soil parameter
Soil resistivity 
Soil pH
Loss on ignition* 
Remainder'*' 
Moisture content 
Clay content
* The loss on ignition is a measure of the organic content of the soil, and represents the percentage weigh of the 
soil which is lost after ignition.
The remainder is the weight of soil left after ignition.
The accuracy of this data set can be assumed to be relatively high due to its origin being in 
laboratory analysis. Due to the small number of soil samples available and the spatial spread 
of this data, its usefulness in an investigation into a relationship between soil and pipe 
conditions is limited. However, each soil sample was taken from the site of a pipe 
excavation as part AMP study. This data could therefore be used for two purposes. The first 
use could be to investigate any links between pipe condition and its surrounding 
environment for the limited sites where both a soil sample and a pipe sample is available. 
Secondly, soil samples could be used to check the accuracy of both the soil corrosivity and 
fracture potential maps described above. The data set could improve the understanding of
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the accuracy of the soil corrosivity and fracture potential maps. The data will enable an 
interpretation to be made of the accuracy of using soil maps to predict condition rather than 
using actual soil samples.
9.3.2. Internal influences
Information regarding specific internal influences on pipeline condition, related to the 
physical and chemical characteristics of the water that is conveyed within the system is 
collected through the operation of the water distribution system. Chemical analysis of water 
quality is carried out at water treatment plants throughout the Thames Water region. Data 
resulting from the analysis of the physical and chemical characteristics of the water entering 
the water distribution system is stored in a central database. Parameters selected for use in 
this investigation were those identified from the literature as having either a negative or 
positive impact on the rate of the corrosion of iron, and are listed in Table 30.
Table 30. Physical and chemical characteristics of water within the distribution system
Water characteristics
Temperature
pH
Calcium carbonate 
Total dissolved sohds 
Dissolved oxygen 
Manganese 
Iron
Water quality data available from water treatment plants is assumed to be relatively accurate 
for two reasons. Firstly, the data originates from laboratory analysis (the laboratory must 
meet set standards in order to receive accreditation). Secondly, the data is used to monitor 
any possible problems with the water supply and is used to regulate quality standards. 
Failure of quality standards will affect the performance indicators used within regulatory 
reporting, and may also have public health implications. It should therefore be of a
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sufficient standaid to enable any changes in the characteristics of the water supply, on a 
water supply zone level to be highlighted quickly.
Data regarding the chemical and physical characteristics of the water within the system 
includes information concerning the location, date and time for which the sample was taken. 
The most common characteristics to be measured were temperature, pH and calcium 
carbonate, which were monitored at all sampling points. Limited measurements of other 
characteristics listed in Table 30 are only available at some sites, and therefore cannot be 
used within the statistical investigation. However, such information could be used to make 
general observations regarding differences in water characteristics that exist within areas of 
the network.
9.4. PERFORMANCE
The performance of a water distribution main may be an indicator of its condition. 
Numerous factors which are indicators of the performance of a water distribution system are 
related to the condition. Examples include the burst rate, water quality complaints and 
pressure problems. The relationship between condition and performance are discussed in 
Chapter 4. Data recorded within a utility on the performance of a water main can generally 
be found in two forms; firstly in burst records, and secondly in the form of customer 
complaints. Both these types of data will be readily available within a typical water utility.
9.4.1. Bursts
Pipe burst records are available across the Thames Water region and have been collected for 
the period 1990 to the present day, in a database known as Fraxcom. The Fraxcom database 
is updated daily with information recorded by operatives at the site of a burst (Woodland, 
1995). Entries within Fraxcom include data related to location and date of burst, size of 
main, and failure type. The geographical spread of data is given in Table 31. In 1999, the 
Fraxcom database was geo-referenced. Due to the location data available for the burst being 
accurate to street level rather than house level, precise geo-referencing of the burst site was 
not possible. The method used to geo-reference the Fraxcom database relied only on the
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Street in which the burst occurred. A point on the street that experienced the burst was
assigned to the burst in question. Where a house number is available within the burst 
location field, the geo-referenced point assigned to each bursts would be outside the address 
given. Where a house number was not available within the burst location field, the burst was 
allocated along the centre line of the street. This process was automated using a GIS routine, 
and allocation was of a random point on the street. This selection of the assumed burst 
location was designed to minimise the random error within the burst location data. The 
distribution of data that was able to be geo-referenced is listed in Table 32, and it is this data 
that will be used as part of this investigation.
Table 31. Distribution of data contained within Fraxcom (Jan 2001)
Area Number of entries
Provinces 13461
North Eondon 17875
South London 10695
Total 42031
Table 32. Distribution of geo-referenced Fraxcom data
Area Number of entries
Provinces
London
11466
30782
Total 42248
Contractors repairing burst mains prepare data for input into the Fraxcom database. This 
data is supplied via paper records to Thames Water Customer Network Services (CNS) for 
inputting into the database. The quality of the data stored within the Fraxcom database will 
reflect the care that is taken to complete the burst reports, so the accuracy is variable. Errors 
may also occur when transferring the data from paper records to the Fraxcom database. The 
accuracy of the Fraxcom database is unknown.
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9.4.2. Customer complaints
Customer complaint records originate from telephone calls made to the Thames Water call 
centre. All calls selected for use in this study relate to either a negative change in the level 
of water supply service which the customer is receiving, or reporting of either a leaking or 
burst water main. Other calls to the centre may be regarding bill enquiries, or queries about 
other areas of the Thames Water service, including sewerage.
Customer complaints are logged in a central database that is updated by telephone operators 
as the call is received. Each call is assigned a category code, related to the nature of the 
complaint received. Also recorded is the location of the property from which the complaint 
is being made, enabling the pressure zone that the property is within to be determined, and 
the date and time of the complaint. Information selected from the customer complaint 
database that may be of interest within this study, and the interpretation of the categorical 
code is given in Table 33.
Table 33. Customer complaint types related to corroded water mains
Complaint code Interpretation
WBEE Report of either a leaking or burst water main
WNOW Loss of water supply
WERE Loss of water pressure
WQGL Report of water quality problems
Customer complaint data is available for the entire Thames Water region, and has been 
collated for the period March 1995 to the present. Within this study, data was extracted for 
the period March 1995 to December 2000, and is available in Microsoft Access format. The 
accuracy of these data sets can be considered to be high due to the nature of the data origin. 
Information regarding the nature of the complaint and location detail is input directly into a 
central database. The input errors that may occur when transferring data are therefore 
restricted to operator error. The quantities of data available are listed in Table 34.
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Table 34. Quantities of customer complaint data available across the Thames Water region
(1995 to 2001)
Area
Complaint type
Leak No Water Pressure Quality Total
London 68,311 108,430 19,004 26,766 222,511
Provinces 26,564 56,177 12/K8 16,870 112,049
Total 94,875 167,607 31,442 43,636 334,560
The types of complaint identified within this study relate to problems that could be caused 
by a corroded water main Chapter 4. A leaking, or burst, water main, loss of water supply, 
and loss of pressure could be the result of either internal or external corrosion. Loss of 
pressure, or water quality problems could be due to a tuberculated main, which may be the 
result of internal corrosion. However, some of the categories of complaint may be due to a 
variety factors, some of which could not be attributed directly to corrosion. Loss of water 
supply and loss of pressure could result from routine maintenance, the effects of a burst in 
another nearby area of the distribution network, or a failure of a pumping station. The use of 
these categories may therefore result in confusion regarding the location of a problem within 
the distribution system. Problems that are more hkely to be due to corrosion and are related 
to a loss of water supply and loss of pressure. These problems are represented by complaints 
regarding a leak or burst, or problems with the water quality. Complaints regarding loss of 
water supply (WNOW) and loss of water pressure (WPRE) should therefore be removed 
from this study to exclude performance indicators relating to problems that may not be due 
to corrosion.
Problems can arise from the interpretation of the remaining customer complaint data sets, 
leak or burst reporting and water quality complaints. When a report of a leak or burst is 
made, it is the location of the house from which the call was made which is recorded, and the 
actual location of the burst is stored within the Job Management System (JMS) database. 
This can create problems with the data set as the customer may be complaining about a leak
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some distance from their property. The assumption therefore that a leak location is 
represented by the grid reference provided should be used with care. Complaints are logged 
with a grid reference giving the exact location of the house from where the complaint was 
made. Various problems may be associated with water quality complaints, but are likely to 
be made from the house where the water quality problem is occurring. It can therefore be 
assumed that the grid reference provided for the call location is also the location of the 
problem. However, water quality problems can be distributed through the system, so the 
point from which the complaint was made is not necessarily the source of the problem. An 
additional problem that could be considered when using this data set involves socio­
economic issues. The likelihood of a complaint being made, should a problem arise, will 
vary across different sectors of the community. These problems should be considered when 
using these data sets.
9.5. SUMMARY
A review of data available within Thames Water that may be related to the condition and 
performance of a water distribution network was carried out. These data can be separated 
into pipe based data, environmental data and performance data.
Pipe based data is that which originated from physical measurements of pipeline condition, 
resulting from condition assessment. Within Thames Water, these data originate from mains 
rehabilitation programmes, sampling programmes used for regulatory reporting, and meter 
installations. The data are stored within the pipe condition database, developed as part of 
this research project. The assessment of pipe condition is carried out by a number of 
contractors, so elements may not be directly comparable. At the time of writing, the 
database contained over 1500 geo-referenced records. The pipe based data available 
includes pit depth and wall thickness measurements, tuberculation code, diameter, material, 
and location data.
Environmental data is that which relates to either the internal or the external environment to 
which the main is exposed. The external data is available in the form of soil maps and soil 
samples. The soil maps provide interpretations of both soil corrosivity and soil fracture 
potential and were developed by Cranfield University. These maps are held digitally and
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cover both the Greater London area and the major provincial towns. Soil fracture potential 
represents the abihty of the soil to cause damage to a pipeline through shrinkage and 
swelling, and is based predominantly on the soil clay content. The soil corrosivity maps 
represent the ability of the soil to cause corrosion damage, and are based on a number of 
factors including soil texture, wetness and acidity. The usefulness of these maps is limited 
by their origin being predominantly from soil survey maps, and as such cannot represent 
localised soil variability. Sample based soil data originates from analysis of soil samples 
taken from around the pipe, collected as part of the AMP2 process. Parameters measured 
included resistivity, pH, moisture content and clay content. The accuracy of this data is high, 
though the usefulness will be affected by the size of the dataset being limited to 58 samples.
Data regarding the internal environment originates from water quality sampling and is 
available across the Thames Water region. The dataset is of high quality with excellent 
coverage and information available relates to the physical and chemical characteristics of the 
water within the distribution system, including factors such as temperature, pH, dissolved 
oxygen and total dissolved sohds.
Data is also available regarding the performance of the distribution system, and originates 
from two sources; the Thames Water burst database and the customer complaint database. 
The Thames Water burst database contains information relating to all water main bursts 
which have occurred since 1990. The information recorded includes location data, date of 
failure, diameter, material and failure type. The data is collected by contractors repairing the 
burst and is geo-referenced to street level. At the time of writing the database contained over
42,000 records. Inforrnation regarding customer complaints is available from a central 
database which is used for logging all customer contacts. Those of interest within this 
research are related to either a negative change in water quality, or reporting either a leak or 
burst. This database is of high quality and is available for the entire Thames Water region. 
At the time of writing, the customer contacts database contained 330,000 relevant records. 
Possible problems which may result from the use of this database may originate from the 
differences between the location of the incident and the address of the caller. A complaint 
regarding water quality can be assumed to originate from the address from which the 
complaint is made. However, that may not be the case for complaint related to leaks and 
bursts, where the incident being recorded may not be in the street on which they live.
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Tliese potential problems with the data should be considered when using this information for 
analysis.
A summary of the data which is available within Thames Water is presented in Table 35.
Table 35. Summary of data available within Thames Water
Data type Dataname Origin
Geographical
spread Format Quantity
Soil
fracture
potential
National soil 
maps
London,
provincial
towns
ESRI
ArcView N/A
Soil
corrosivity
National soil 
maps
London,
provincial
towns
ESRI
ArcView N/A
Environmental
Soil
samples
Laboratory
analysis
All Thames 
Water region
MS
Excel
58
Water
chemistry
Laboratory
analysis
All Thames 
Water region
MS
Excel
N/A
Fraxcom Pipe burst reports
All Thames 
Water region
MS
Excel
42,000
Performance
Water
Quality
complaints
Customer
contacts
All Thames 
Water region
MS
Excel 43,636
Leak
complaints
Customer
contacts
All Thames 
Water region
MS
Excel &E875
Corrosion
data
Pipe sample 
reports
All Thames 
Water region
MS
Access 1500
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Pipe Age Pipe sample 
reports
All Thames 
Water region
MS
Access
1500
Material Pipe sample reports
All Thames 
Water region
MS
Access
1500
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10. DATA ANALYSIS METHODOLOGY
The principal aim of the analysis of the data described in Chapter 9 is to determine whether 
it is possible to predict the condition of a buried ferrous pipeline, without excavation of pipes 
in service, or the use of direct testing. Prediction of pipeline condition should preferably be 
statistically based, utilising data that is currently available within a typical water utility, with 
no additional data collection requirement. Selection of appropriate data for use in this 
investigation was based on a review of the available literature (Chapter 4). Data was 
selected that firstly may have an association with the condition of the pipehne, and secondly 
would be available to a typical water utility. The data identified are described in Chapter 9.
The data that is available to this study has different characteristics. The data may be discrete 
or continuous, the quality of the data vary, as do the coverage and quantity. The method 
used to analyse this data must therefore reflect the different characteristics of the data sets 
that are available. This Chapter describes the process used to select an appropriate analysis 
technique. This technique will be used throughout the statistical investigation into 
deterioration of pipeline. It summarises the characteristics of the data available and the 
alternative methodologies for examination of the data. The method selected for statistical 
analysis is described, providing a detailed summary of the technique. The method identified 
for application will then be used to carry out the data analysis. The analysis of the data is 
described in Chapters 11 to 13.
10.1 SELECTING ANALYSIS TECHNIQUES
The suitabihty of a statistical analysis technique will be determined by the nature of the 
available data, and the applicability of that technique to achieve the desired aim. The overall 
aim of this investigation was to determine whether a prediction of pipeline condition is 
possible from the wide range of data available within a typical water utility. Characteristics 
of the available data are presented in Section 5.1.1. This summary identifies the key data 
characteristics, including the data type (discrete or continuous), and the data error 
distribution type (normal. Poisson, etc). These are then used in the selection of an 
appropriate data analysis technique, to identify candidate methods for further investigation.
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Detailed investigation into the techniques, and in particular the nature of the output of the 
statistical analysis, is then used to determine the most suitable analysis technique for use in 
the present study.
10.1.1. Data characteristics
The data available for use within this study are described in Chapter 9. This data includes 
environmental indicators that will affect the rate of deterioration of the main, performance 
data that may be an indicator of the condition of the main, and physical measurements of 
pipe corrosion. Data was selected for inclusion in this study based on factors which are 
identified in the literature as having an influence on, or that were identified as being an 
indicator of the condition of ferrous water main. Table 36 provides a summary of the 
information relevant to the selection of an appropriate statistical analysis technique.
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Table 36. A summaiy' of available data for the statistical analysis
Data category Name Data type Variabletype
Environmental
data
Corrosivity (soil)
Fracture potential (soil) 
pH (water)
Calcium (water)
Temperature (water)
Total dissolved solids (water) 
Dissolved oxygen (water)
Discrete
Discrete
Discrete
Continuous
Continuous
Continuous
Continuous
Predictor
Predictor
Predictor
Predictor
Predictor
Predictor
Predictor
Performance
data
Burst in 50m/100m radius 
Burst count per street 
Distance to nearest burst 
Burst band
Distance to nearest water quality
complaint
Water quality band
Distance to nearest leak complaint
Leak band
Continuous
Continuous
Continuous
Discrete
Continuous
Discrete
Continuous
Discrete
Predictor
Predictor
Predictor
Predictor
Predictor
Predictor
Predictor
Predictor
Pipe based 
data
Material
Age
Internal pit depth 
External pit depth
Discrete
Continuous
Continuous
Continuous
Predictor
Predictor
Response
Response
Referring to Table 36, it can be noted that:
The predictor variables are a mixture of both continuous and discrete data sets.
The response variables are continuous data sets.
These criteria, together with the overall aim of the investigation can be used to select an 
appropriate statistical analysis technique.
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10.1.2. Candidate techniques
The techniques available for use in statistical modelling are listed in Table 37. This provides 
clarification of the types of data the model requires for both the response and predictor 
variables, and also the function for which the model is used.
Table 37. Criteria for developing models
Model type Response variable type
Predictor 
variable type Usage
Linear regression Continuous Continuous/
discrete
Exploring relationships 
between data sets
Analysis of variance Continuous discrete Analysing designed 
experiments
Generalised linear model Continuous/
discrete
Continuous/
discrete
Exploring relationships 
between data sets
Generalised additive model Continuous/
discrete
Continuous/
discrete
Exploring relationships 
between data sets
Tree-based models Continuous/
discrete
Continuous/
discrete
Exploratory technique 
for uncovering 
structure in data
The criteria for developing models, listed in Table 37, indicates which of the approaches are 
suitable for use. The main conclusion to be drawn from Table 37, considering the 
information provided concerning data characteristics in Table 36, is that all the approaches 
identified can be applied with the available data, with the exception of the analysis of 
variance techniques. Advice was sought from the Statistical Services Centre (SSC) at 
Reading University as to the most appropriate technique for analysing such data sets to 
achieve the desired aims.
10.1.2.1. Linear regression 
Linear regression is used in the exploration of the relationships between data sets to obtain a 
model useful for prediction. Simple linear regression uses a least squares based 
methodology to fit a continuous response as a linear function of a single predictor variable. 
Multiple regression incorporates more than one predictor variable into the linear model. 
Within multiple regression each predictor generally contributes a single term to the model.
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although they can each contribute to more than one coefficient. This method can be used 
where the error distributions are either normal or Gaussian.
10.1.2.2. Generalised linear model
The generalised linear model (GLM) can be used to increase the types of data for which a 
linear regression model can be constructed. Using a GLM, data can be fitted to a model 
where its error distributions are either Poisson, Gamma, or inverse Gaussian. The GLM 
provides a method to estimate a linear function of the mean response of a set of predictor 
variables. Though the GLM extends the applicability of the linear regression model, it 
remains a linear model and therefore provides a linear prediction of the parameters of the 
model.
10.1.2.3. Generalised additive model
The generalised additive model (GAM) is an extension of the GLM, and therefore, is also a 
linear regression model. The GAM fits non-parametric functions to estimate the relationship 
between the response variables and the predictor variables. The non-parametric functions 
are estimated from data using smoothing techniques.
10.1.2.4. Tree based models
Tree-based models are exploratory techniques for identifying a structure in data sets. They 
are essentially a collection of rules that exist within the data, and are displayed in the form of 
a binary tree. Tree-based models provide an alternative to hnear and additive models for 
regression problems. The used for tree-based models is suitable for numerous functions, 
including devising prediction rules, screening variables, assessing adequacy of linear models, 
and summarising large multivariate data sets.
10.1.2.5. Technique selection
Statistical analysis techniques, described in Sections 10.1.1.1 to 10.1.1.4, provide a summary 
of the general function of the models available, and the use restrictions in terms of data types. 
A decision can therefore be made regarding the choice of model for use in this investigation. 
The linear regression model provides a means of analysing both continuous and discrete data 
with a normal error distribution, to develop a predictive model. This satisfies all the
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requirements specified in this section. The GLM extends the linear regression model to 
widen the number of data sets to which it can be applied, as does the GAM. In this case, 
extension is not required, as the data sets available are suitable for use in the normal linear 
regression model. Tree-based methods can be used for all the data types and distributions 
that are available in this instance, but does not result in the predictive models of the form 
found in the regression analysis methods. The tree-based models could, however, provide an 
alternative means of predicting pipeline condition from environmental factors, should a 
rules-based technique be favoured. In this case however, a regression based technique is 
favoured due to the requirement for a prediction of water main condition. The linear 
regression model provides the most appropriate method for analysing these datasets and in 
particular multiple linear regression analysis. Multiple linear regression analysis will 
therefore be used in the analysis of the data sets listed in Table 36, to investigate the 
relationships between pipeline condition, performance and environment.
10.2 MULTIPLE REGRESSION ANALYSIS
Regression analysis was first developed by Sir Francis Galton at the end of the 19* Century, 
and is described by Neter et a l, (1996). Multiple regression analysis is a statistical 
methodology which utilises the relationship between two, or more, quantitative variables so 
that one variable can be predicted from the other, and is used in the description control and 
prediction of variables. It is a means of expressing two essential elements of a statistical 
relationship, which are:
• The tendency of the response variable, Y, to vary with the predictor variable, X, 
in a systematic manner;
• A scattering of points around a curve of a statistical relationship.
The model build process involves four phases. The approach used within each of the four 
phases will depend on the type of data on which the model will be built. There are four 
types of study:
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i) Conlrolled experiments;
ii) Controlled experiments with supplemental variables;
iii) Confirmatory observational studies;
iv) Exploratory observational studies.
Study types (i) and (ii) are generally carried out within a laboratory environment to 
investigate the effects of controlled variables. Within type (ii), additional variables are 
considered which may be related to the equipment or environment under which the 
experiment took place. Study type (iii) is based on observational not experimental data, 
where variables are not controlled but are used to account for known influence on the 
response variable. Study type (iv) is used where it is not possible to conduct a controlled 
experiment, where investigators search for explanatory variables that might be related to the 
response variable. It is this type of study that is applicable to the data used within this 
investigation to predict condition from a range of data sets that may be causal or indicative 
of condition.
The four phases of the model-build process are as follows:
Phase 1. Data collection and preparation. The data collection requirements for building a 
regression model depend on the nature of the study. In this case, the data does not originate 
from a controlled experimental environment. The data sets were collected as part of the 
routine operation and maintenance of the distribution system, and were therefore collated 
and prepared by the author. This element of the model build process has been described in 
Chapter 9 with the development of the master database.
Phase 2. Reduction of explanatory or predictor variables. For exploratory observational 
studies, the number of variables that exist after the initial screening may be large. The 
number of variables will be reduced throughout the model build process according to the 
significance of each result and the degree to which each variable contributes to the model. A 
regression model with a large number of variables will be difficult to understand and 
maintain, and may therefore require a reduction in the number of variables used within the 
model.
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Phase 3. Model refinement and selection. Where several models have been identified 
they will be compared to identify which model will be preferred over another. The optimum 
model will be determined according to the errors generated within the model, and the 
parameters used.
Phase 4. Model validation. Model validation can be carried out in three ways;
• Collection of new data to check the predictive capability of the model;
• Comparison of results with theoretical expectations, empirical results and simulated 
examples;
• Use a reserved sample to check the model and its predictive ability.
The general model-build methodology described in phases 1 to 4 is outlined in Figure 20. A 
problem within many exploratory studies is choosing a regression model that is appropriate 
for the analysis, in terms of ability of the model to represent the data. A major consideration 
in this choice is the extent to which a variable contributes to reducing the remaining 
variation in Y. Other considerations include:
• The importance of the variable as a causal agent in the process under analysis, 
in this case pipeline corrosion;
• The degree to which observations on one variable can be obtained more 
accurately or quickly or economically than on competing variables;
• The degree to which a variable can be controlled.
The statistical parameters used within the model build process to quantify the extent to 
which a variable is related to the predictor, and contributes to improvements to the model, 
are as follows:
• The coefficient o f determination (R^). This indicates the percentage of the 
variability in the parameter that is being modelled (i.e. pit depth), that can be 
explained by the variable (i.e. soil) being used. Higher R“ values indicate 
stronger relationships between the variable and the predictor;
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• The F-statistic. This indicates the significance of the result. A P-statistic below 
0.05 indicates that the result is significant to the 95% level;
• The T-statistic. This parameter illustrates the significance of the results. In 
addition it also gives the direction of the relationship (negative or positive). 
The value of the t-statistic will be dependent on the size of the population.
The application of the multiple regression analysis methodology for the investigation of 
relationships between data regarding pipeline condition, performance and environment are 
described in Chapters 11 to 13.
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Figure 20. Methodology for regression analysis (Neter et a i, 1996)
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11. COMPARING SOIL DATA SOURCES
Data regarding the characteristics of the soil with the Thames Water region are available in 
the form of either soil maps or soil samples analysis. Both of these sources of soil data may 
provide useful information regarding the environment which surrounds the distribution 
network, and should be comparable for a given location. This Chapter describes the study 
which was carried out to determine whether these data sets were in fact similar, and to 
establish whether any statistically significant relationships between these data sets could be 
identified.
Information related to the soil conditions within the Thames Water region is available as soil 
fracture potential and soil corrosivity maps, and as physical and chemical analysis of soil 
samples. The soil corrosivity and soil fracture potential maps, developed by Cranfield 
University (Jarvis et a l, 1997), provide a graded assessment of the relative corrosivity or 
fracture potential of the soil. The soil samples were taken as part of the AMP2 sampling 
programme, and are available at 58 locations across London for which soil map coverage is 
also available. The relationship between the soil corrosivity and fracture potential maps, and 
the soil sample analysis has been investigated using regression analysis techniques, as 
described in Section 10.2. The purpose of this is to determine whether there is a significant 
relationship between the soil maps produced by Cranfield University, and the laboratory 
analysis of soil samples at known points within the Thames Water area. This is to determine 
the suitability of the use of soil maps as an indicator of the soil conditions affecting the water 
distribution system. Any relationship that is identified within this investigation will be 
related to the accuracy of not only the soil maps, but also of the soil sample analysis.
The soil corrosivity model (Jarvis et a l, 1997), links soil corrosivity to characteristics of the 
soil, topographical features, and pipe depth. The fracture potential model is based on the 
clay content of the soil. The soil sample analysis data contains information related to the 
chemical and physical characteristics of the soil at 58 locations across the network.
Multiple regression analysis was used to determine the extent of the relationship between 
soil sample analysis and soil maps. The regression analysis methodology used in this 
investigation is described in Section 10.2. The distribution of the soil samples in relation to
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the soil corrosivity and fracture potential maps is presented in Table 38. The soil fracture 
potential and soil corrosivity classes are discussed in Section 9.3.1.1.
Table 38. Distribution of soil samples across soil corrosivity and fracture potential maps.
Class Number of samples
Soil Corrosivity class Soil Fracture Potential class
1 11 31
2 0 1
3 23 0
4 6 7
5 8 9
Data related to moisture content, acidity, and resistivity are available from the soil sample 
analysis to compare to soil corrosivity model. Clay content data is available to compare to 
soil fracture potential, which is the only factor identified by Jarvis et al, (1997) as being 
related to fracture potential. The relationship between factors known to be related to soil 
corrosivity and fracture potential was investigated using multiple regression analysis.
11.1. SOIL CORROSIVITY
A soil corrosivity model developed by Cranfield University (Jarvis et a l, 1997) is the basis 
of the soil corrosivity map which is used in this investigation. The Cranfield University 
interpretation of soil corrosivity is based on five main factors:
Soil moisture content 
Soil acidity 
Soil aeration
Soluble salt concentration 
Electrical resistivity
Other factors that are used in the model include pipe depth, which is assumed to be Im, soil 
variability and topography. The soil sample analysis carried out for the AMP2 submission 
(Section 9.3.1.2) involved the collection of parameters listed in Table 29. This includes soil
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moisture content, electrical resistivity, and acidity. These parameters represent three of the 
five main factors from which the soil corrosivity score is generated. The two data sets were 
compared using multiple regression analysis techniques to test whether significant 
relationships exist between the contributory factors, and the soil corrosivity model. The 
results of this investigation are presented in Section 11.1.1.
The regression analysis technique was applied to the available data sets using S-Plus 
statistical modelling software (Mathsoft, 1999). The available factors were first considered 
individually, then as additive factors and finally as interactions (see Section 10.2). The 
indicators used to determine the extent of the relationship between these factors and the 
assigned corrosivity were the P value, to represent the significance of relationship identified, 
the value to indicate the percentage of the variability explained by the model, and the t- 
statistic which also gives a measure of significance, but also the direction of the relationship 
(negative or positive). The interpretation of these parameters is discussed in Section 10.2.
11.1.1. Analysis
The relationship between the soil parameters on which data was available (moisture content, 
electrical resistivity and acidity) and the soil corrosivity class was investigated using 
regression analysis. Table 39 shows the results of analysis carried out to determine whether 
the variation in soil corrosivity could be explained by a direct relationship with one of the 
parameters. The assessment of the significance of the result (see Table 39) assumes a 
significance level of 95%, and is therefore indicative of a P-statistical below 0.05. 
Examination of the P values in Table 39, show that only one of the results is significant to 
the 95% level, which is the result associated with the soil resistivity. Examination of the R“ 
values show that the contribution of each of the factors to the overall variation in the soil 
corrosivity is low. The highest R^ value achieved was that for soil resistivity, which 
accounted for 10% of the variation in soil corrosivity. The results show that the only 
significant relationship identified between the soil corrosivity maps and the individual 
parameters was for soil resistivity, though this result accounted for only a small amount of 
the variation.
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Table 39. Suininary of results of regression analysis of soil characteristics and the soil
corrosivity map
Factor RZ P t Significant?
Soil moisture content 0.077 0.054 T980 No
pH 0.012 0.461 -0.744 No
Electrical resistivity 0.104 0.024 -2.341 Yes
The relationship between soil corrosivity and soil moisture content, resistivity and pH was 
investigated further using multiple regression analysis. The purpose of this is to determine 
whether a relationship can be identified between soil corrosivity and combinations of the 
three factors (moisture content, resistivity and pH). A summary of this analysis is given in 
Table 40. The R", P and t values again show that there is no significant evidence that the soil 
parameters identified by Cranfield University as being an element of the soil corrosivity 
model, are statistically related to the soil corrosivity maps.
Table 40. Summary of results from multiple regression analysis into the relationship 
between combinations of soil characteristics and soil corrosivity maps.
Factor
combination
RZ Factor P T Overall
Significant?
Moisture
-1-
pH
0.146 pH 0.059 -1.936
NoMoisture 0.010 2696
Moisture
-f-
resistivity
0.141 Moisture 0T68 1.401
Noresistivity 0.070 -T853
Resistivity + pH 0.106 Resistivity 0.032 -2.206 No
pH 0.761 -0.306
Moisture + 
Resistivity -t- pH
0.173 Moisture 0.064 1.901
Noresistivity 0 239 -1.193
pH 0.197 -1.311
The final section of the regression analysis is to examine any interactions which occur 
between the soil parameters, which may jointly be affecting the corrosivity of the soil, (see
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Section 10.2). An example of such an interaction would be a relationship that might exist 
between soil resistivity and moisture content, where one may be dependent on the other. 
The results of the analysis of the relationship between interactions and soil corrosivity is 
presented in Table 41. One significant relationship between the soil corrosivity maps and 
the interactions between soil parameters was identified, as indicated in the R ,^ P and t values. 
This involved the interaction between resistivity and pH, and accounted for only 9.5% of the 
variation in soil corrosivity.
Table 41. Summary of results from multiple regression analysis into the relationship 
between interactions of soil characteristics, and the soil corrosivity map.
Factor interaction R^ P T Significant?
Resistivity*pH 0TW5 0T#6 -2.176 Yes
Moisture*resistivity 0.053 0 120 -1.5S6 No
Moisture*pH 0.054 0.116 0.1601 No
These results are discussed in Section 11.3.
11.2. SOIL FRACTURE POTENTIAL
The fracture potential of a soil represents the ability of the soil to cause ground movement 
through shrinkage and swelling. The soil fracture potential model was developed by 
Cranfield University (Jarvis et al, 1997, Section 9.3.1.1), and is based predominately on the 
clay content of the soil. The analysis of soil samples carried out as part of the AMP2 
programme, listed in Table 29, include measurement of the percentage clay content of the 
soil sample. Regression analysis was used to determine whether a significant relationship 
exists between the soil fracture potential model and measured clay content, using the soil 
fracture potential map and AMP2 soil analysis results. The regression analysis methodology 
used is described in Section 10.2. The results of this analysis are given in Section 11.2.1, 
and are discussed in Section 11.3.
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11.2.1. Analysis
An investigation into the presence of a significant relationship between the clay content of 
the soil and the soil fracture potential map was carried out using regression analysis. A 
summary of the results of this investigation are listed in Table 42.
Table 42. Summary of results from regression analysis into the relationship between clay
content and soil fracture potential.
Factor P T Significant?
Clay content 0.045 0.144 1.485 No
The results in Table 42 clearly show that there is no evidence to suggest a relationship 
between the clay content of the samples used, and the soil fracture potential model. This can 
be concluded based on the P-statistic, where a significant relationship would be represented 
by a result of 0.05% or less, where significance is measured to the 95% level. The reasons 
for these results are discussed in Section 11.3
11.3. DISCUSSION
Sections 11.1 and 11.2 present the results identified from a multiple regression analysis of 
the relationships between available data from soil samples, and the both the soil corrosivity 
and fracture potential maps. Interpretation of the results, based on the parameters of R“, P 
and T (Section 6.1), suggested that only one significant relationship exists between the soil 
parameters (moisture content, pH, resistivity) and the soil corrosivity map, and between the 
soil clay content and the fracture potential map. This involved the soil resistivity and soil 
corrosivity map, but though significant to the 95% level, only accounted for 10% of the 
variation in soil corrosivity. In addition, one significant interaction was identified between 
soil resistivity and pH, though again, the coefficient of determination accounted for only 
9.5% of the variation in soil corrosivity. This lack of correlation could be due to numerous 
factors related to the accuracy of the soil sample data set, the size of the soil sample data set, 
and the sources of the soil map and the soil samples.
151
The lack of correlation between the soil sample data and the soil maps may in part have been 
due to the quality of the soil sample data set. The soil sample data originates from laboratory 
analysis of soil samples taken from the sites of pipe excavations. The origin of the soil 
analysis being laboratory based may be the cause of inaccuracies in this type of data. Soil 
resistivity, pH and moisture content, measured as part of the AMP2 submission can change 
depending on storage conditions after excavation, and best results are obtained from 
measurement in-situ. Clay content will not change depending on storage conditions. Other 
problems may lie in the use of soil moisture content for the prediction of soil corrosivity. 
Soil moisture content is variable depending on weather conditions, and so the results 
obtained within this analysis will depend on the weather conditions immediately prior to the 
excavation, and also whether water has escaped from the main during excavation.
The size of the data set available could also be a cause of the apparent lack of correlation 
between the soil samples and the soil corrosivity and fracture potential maps. A total of 58 
analysed soil samples were available for use. These were not evenly distributed between the 
soil corrosivity types, and so will affect the usefulness of the resulting conclusions from this 
investigation.
The sources of the soil maps and the soil samples may also be a factor in the results of this 
analysis. The soil corrosivity and fracture potential maps originate from soil maps of the 
Thames Water area. Soil maps give only general information on the underlying soil types, 
which in many cases will be the soil that lies below the water distribution network. The soil 
samples were excavated from the area directly in contact with the water distribution network, 
generally Im below the surface, and give information on the conditions around the mains at 
that point. The soil maps and soil samples may therefore not be comparable in some areas, 
particularly in London where much of the soil that surround the mains is made-ground. The 
scale of the soil maps may also be a factor affecting this analysis due to the lack of detail that 
is present in maps of this scale. The soil samples only represent the exact point from where 
they were taken. Soil conditions are known to be variable over a small area, so it may not be 
possible to extrapolate soil sample results to a general area, and compare the results to soil 
maps accurately.
The data available to the Author within this investigation accounts for only three of the five 
parameters identified by Jarvis et al., (1997) as being factors that contribute to the
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corrosivity of the soil. The insufficient information relating to these factors will affect the 
correlation between the available parameters and the soil corrosivity map. Some correlation 
was identified, though this was limited to the soil corrosivity model, and the parameter of 
soil resistivity. This implies that there is either a problem with one of the data sets, or the 
data sets are adequate but do not represent the same area of soil.
The issues discussed in this section all affect the overall interpretation of the accuracy of the 
soil maps. It is therefore not possible to conclude from this investigation whether the soil 
maps are representative of the actual soil conditions surrounding the water mains, due to the 
problems identified with the data sets. In addition, imported backfill is used in the 
installation of pipelines. This material will bear no resemblance to the local soil type, but 
will be influenced by the ingress of aggressive ions from the surrounding soil in moving 
ground water. There is however little evidence to suggest that a relationship exists between 
the soil corrosivity and fracture potential maps and the parameters that were previously 
identified as being used in the creation of the maps. This may suggest that the use of soils 
maps to determine soil type is not appropriate, and cannot therefore be used in the 
assessment of pipeline condition. This will however be investigated further in Chapter 13, 
where the relationship between soil maps and pipe condition is investigated.
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12. PREDICTING THE EXTENT OF TUBERCULATION WITHIN 
WATER MAINS
The development of tuberculation within water mains is described in Section 4.4. The extent 
of tuberculation within a water main is a parameter used by OFWAT within their pipeline 
performance grading criteria described in Chapter 3. The OFWAT performance grading 
criteria is a combination of the degree of tuberculation, water quality failures, customer 
complaints regarding discoloured water or pressure problems, and DG2 hsted properties. 
The ability to predict the extent of tuberculation within an area of the water distribution 
system is therefore a key element of assessing the performance of a water distribution system, 
according to OFWAT criteria. The assessment of the degree of tuberculation without the 
need for excavation of pipe cut-outs, or the use of intrusive techniques such as CCTV or 
fibrescopes (see Section 5.2) would result in significant environmental and economic 
benefits related to the excavation of pipe cut-outs.
An investigation was carried out to determine whether the prediction of degree of 
tuberculation within water mains was possible from existing data sources, and identifies the 
degree of accuracy which can be achieved. The data sources that were available were: i) the 
characteristics of the water distribution system, such as material, diameter, and age, ii) the 
chemical and physical characteristics of the water within the system, iii) network 
performance, and iv) customer complaints. The results of this investigation have been 
obtained using the multiple regression analysis methodology described in Section 12.1, and 
are listed in Tables 44 to 50. The results of the investigation are discussed, as are the 
relationships which have been identified within the analysis. A statistical model for the 
prediction of the extent of tuberculation within a water main is suggested, and the 
application of that model within a water utility for use within regulatory reporting discussed. 
The data used within this analysis originates from the master database. The development 
and structure of this database is detailed in Chapter 8.
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12.1. STATISTICAL ANALYSIS: RESULTS
The individual parameters used within this analysis are listed in Table 43. A total of 255 
data points were available for use in this investigation. The interpretation of the degree of 
tuberculation used within this analysis is in the form of the tuberculation code. The method 
for assigning a tuberculation code to a section of water main is described in Section 6.2. All 
tuberculation code data originates from the WA methodology, and the tuberculation codes 
for all pipe sections are therefore directly comparable.
Table 43. Parameters used within the investigation of tuberculation prediction.
Data type Parameter
Pipe
characteristic
Material
Age
Diameter
Water
characteristic
pH
Temperature
Calcium carbonate
Performance Burst
Customer
complaints
Leak complaints
Water quality complaints
Multiple regression analysis was used to establish whether any significant relationships 
could be identified between the tuberculation code and the parameters listed in Table 43. 
The parameters hsted in Table 43 have been formatted within the master database, according 
to the interpretations described in Chapter 9. The results of the single factor analysis are 
presented in Table 44.
The results presented within this Section can be interpreted according to the statistical 
parameters associated with each result. The statistical parameters that are used for 
interpretation of these results are the coefficient of determination (R“), the P-statistic (p) and 
the T-statistic (t). The coefficient of determination (R^) represents the extent to which an 
individual factor accounts for the variation in the tuberculation code. A significant 
coefficient of determination for an individual parameter may be considered to be that which 
falls above 0.1 (10%), where the relationship is statistically significant. The best overall
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coefficient of determination that can be expected is around 0.5 (50%) due to the nature of 
both the data used and the phenomenon being modelled. The P-statistic represents the 
significance of the relationship. Within this analysis, a relationship will be considered to be 
significant if the P-statistic falls below 0.05, indicating a significance level of 95% or more. 
However, if significant gains in the coefficient of determination are associated with the 
parameter, then a higher P-statistic of 0.1 (90% significant) will be tolerated. The T-statistic 
indicates the extent of correlation between the parameters being investigated, and should be 
significantly above or below zero. A negative T-statistic implies a negative relationship 
between the parameters which are being investigated. For example, in Table 44, the 
coefficient of determination for the relationship between the tuberculation code and the pH is
0.2673, implying that pH accounts for 26.73% of the variation in tuberculation. The P- 
statistic is 0, indicating that relationship is 100% significant, and therefore above the 
required 95% level. The T-statistic for the relationship between pH and tuberculation code is 
negative, and significantly higher than zero, suggesting that the relationship is good and 
negative. A negative T-statistic in this case indicates that the tuberculation code increases as 
pH decreases. The full results of the statistical analysis are presented in Table 44 and 
interpreted below. The results are discussed in Section 12.2.
The quality and quantity of the datasets used within this investigation will affect the results 
of the statistical analysis, and the accuracy of any prediction that may result. The origin of 
the datasets used within this analysis is in the routine sampling of both the water mains and 
the water within the distribution system. Their use in the development of a predictive tool 
for the extent of tuberculation development, which may have occurred over the past 150 
years, will affect the accuracy of any model which can be developed. Typically, the use of 
such data may enable prediction to a significance of 95% with a maximum associated 
coefficient of determination of 0.5. The use of inaccurate data within a model of this kind 
will result in a reduction in the significance, and the coefficient of determination, associated 
with the relationship. The accuracy of the datasets is addressed in Chapter 10. An example 
of a data set of unknown accuracy is the pipe age data. Much of this data is assumed from 
historic ordnance survey maps, or from the site of the excavation. This must be considered 
when drawing conclusions from the analysis, as poor statistical relationships may be 
indicative of poor quality data rather than a lack of dependence. Where data sets are 
incomplete, the data points associated within the missing data will be omitted from the
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analysis, resulting in a smaller dataset, and therefore a result of reduced statistical
significance.
Table 44. Single factor analysis of the factors which may cause or be an indicator of the 
extent of tuberculation in distribution mains
Factor P T Significant?
pH 0.2673 0 -7.398 Yes
Leak complaint band 0.0888 0 5.967 Yes
Average temperature (°C) Œ0388 0.0013 3.258 Yes
WQ complaint distance 0.0304 0.0041 -2.893 Yes
WQ complaint band 0.0290 0 0010 3.305 Yes
Temp difference (°C) 0.0232 0 0130 2.502 Yes
Min temperature (°C) 0.0222 0 0153 -2.441 Yes
Material 0.0220 0.0168 .\/A Yes
Max temp 0.0217 0 0168 2.407 Yes
100m bursts 0.0150 0 0179 -2.378 Yes
Distance to burst (m) 0.0092 0 0606 1.844 No
Burst band 0.0067 0.1168 1.572 No
Calcium 0.0025 0 5579 0.587 No
Age (years) 0.0017 0 4377 0.777 No
50m bursts 0.0017 0.4377 0.777 No
Log burst distance 0.0015 0.4636 0.734 No
Burst street 0.0007 0.6175 -0 500 No
Diameter (mm) 0.0006 0 1306 -1.515 No
Distance to leak (m) 0.0005 0.7105 0.372 No
Single factor analysis of the individual parameters that are related to the tuberculation code 
revealed ten significant results. The most significant of the results is that for pH. The 
interpretation of this result has been discussed as an example. The relationship between the 
water pH and the tuberculation code is statistically significant at the 95% level, accounting 
for over a quarter of the variation in the degree of tuberculation within the system. This 
implies that the development of tuberculation is dependent on the acidity of the water. This 
result is expected due to the relationship between pipeline corrosion and tuberculation, and 
the relationship between corrosion and pH, is discussed in Section 12.2. Significant 
relationships were also identified for the incidents of complaints regarding leakage and water 
quality, with leak complaints yielding the strongest relationship.
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The relationship between the leak band, and the degree of tuberculation yielded a positive 
significant relationship, accounting for over 8% of the variabihty in tuberculation. This 
result implies that the relationship between the degree of tuberculation and the occurrence of 
a visible leak is positive. As the relationship involves the leak band, and where increasing 
band implies increasing distance to the nearest leak complaint, the result suggests that as the 
distance to the nearest leak decreases, the degree of tuberculation increases, or that in areas 
suffering from high tuberculation the incidence of visible leaks is low. This is discussed 
further in Section 12.2.
The relationship between complaints regarding water quality and tuberculation is also 
significant (Table 44), which is as expected. The relationships between tuberculation code 
and both the distance to the nearest water quality complaint, and the water quality complaint 
band, were significant. The relationship between tuberculation code and the distance to the 
water quality complaint revealed a negative relationship, which accounts for approximately 
3% of the variation in tuberculation code. A negative relationship in this case suggests that 
as the degree of tuberculation increases the distance to the nearest water quality complaint 
decreases. Areas suffering from higher degrees of tuberculation were shown to experience 
higher levels of water quality complaints. However, the relationship between the water 
quality complaint band and tuberculation code suggest that the opposite of this situation is 
occurring. In the case of the relationship between water quality complaint band and 
tuberculation code, the relationship is positive, implying that as the distance to the nearest 
water quality complaint band increases, so does the degree of tuberculation, again with a 
relationship which accounts for approximately 3% of the variation. However, an R“ value of 
only 0.03, though significant to the 95% level, is not a significant result. Predictions cannot 
be made from such low R" values and therefore such results are not of use within this 
investigation, other than to provide an indication of the nature of the relationship which is 
present. The possible reasons for this contradiction are discussed in Section 12.2.
The relationship between the tuberculation code and water temperature was also statistically 
significant (Table 44). All four interpretations of temperature (maximum, minimum, 
average, difference) yielded significant relationships with the tuberculation code. The 
relationships between the tuberculation code and the maximum and average temperature, and 
the temperature difference revealed positive significant relationships, representing 2.16%,
158
3.87%, 2.32%. This implies that as the tuberculation code increases with both an increase in 
temperature, and an increase in the difference between the maximum and minimum 
temperature, and therefore the development of tuberculation is related to the temperature of 
the water. The relationship between tuberculation code and minimum temperature was 
negative, and had a coefficient of determination of 0.0216, representing 2.16% of the 
variation in tuberculation code. The negative relationship is identified by the T-statistic, and 
therefore tuberculation code decreases with increasing minimum temperature. This 
corresponds with the results for maximum temperature, average temperature and temperature 
difference. A pipe which is fed from water which experiences low winter temperatures, will 
also be those which experience higher summer temperatures, which implies that the average 
temperature and the temperature difference will also be higher. Where water has such 
characteristics, it will originate from surface water, rather than ground water. Surface water 
is affected by season variations in climate to a greater extent than ground water, and exhibits 
fluctuations between summer and winter temperature. Summer temperatures of surface 
water will typically reach 19°C, and in winter may drop to 5 or 6"C, giving a difference of 12 
to 13°C. Ground water temperature will remain relatively constant throughout the year, at 
around 10°C, and may fluctuate by only 1 to 2°C throughout the year. The relationships 
identified here suggest that mains fed from surface water are more likely to suffer from 
higher degrees of tuberculation.
The analysis of factors which may contribute to the growth of tuberculation identified other 
factors in addition to those related to water temperature, which may be related to the 
development of tuberculation. These were the pipeline material, and the burst density, 
represented by the number of bursts within a 100m radius of the pipe cut-out. A significant 
relationship was identified between material type and the tuberculation code. The material 
type accounted for only 2.2% of the variation in the degree of tuberculation. The material 
type was considered as a categorical factor, rather than on a scale, so the correlation is not in 
this instance represented by either a positive or negative relationship. The results for 
material type indicate that there are significant differences between the degrees of 
tuberculation experienced for each material type. However, the investigation into the 
relationship between tuberculation code and age did not result in the identification of a 
significant relationship. This implies that the differences in the tuberculation code which are 
identified are due to the characteristics of the material, rather than the length of exposure to 
an environment that causes tuberculation.
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A significant relationship was identified between tuberculation code and burst density (Table 
44). This relationship was negative and accounted for only 1.5% of the variation in degree 
of tuberculation. This negative relationship implies that as the tuberculation code increases, 
the burst density decreases. This suggests that fewer bursts occur in areas which suffer from 
greater tuberculation. This result is unexpected as tuberculation develops as a result of 
corrosion, and corrosion results in a weakening of the pipe wall which can lead to failure. 
The lower burst rates in areas which suffer from higher levels of tuberculation may be due to 
the effects of the increase in pipe wall roughness on the pressure within the main. The 
growth of tuberculation within a water main results in an increased pipe wall roughness and 
therefore a loss of pressure. The reduced pressure in such areas may be the cause of a 
reduction in burst rates as internal pressure is known to be a factor in the occurrences of 
bursts in water mains (Newport, 1981).
The analysis of individual parameters also revealed that numerous factors were not 
significant (Table 44). These include calcium carbonate, age, diameter, and various 
interpretations of burst density. Such parameters cannot be dismissed at this stage. Further 
investigations were carried out using multiple regression analysis to determine whether 
parameters that appeared not to be influencing the development of tuberculation when 
considered on their own, but were significant when considered with other parameters. Such 
a result would suggest that either the effects of one parameter are being masked by another, 
or an interaction is occurring between two parameters. For example, calcium may not be 
significant when considered independently, but a when a combination of two factors, such as 
calcium and temperature is considered a significant relationship may be identified. A result 
such as this would suggest that calcium may only have an effect at certain temperatures, 
which is why as an individual parameter it is not significant. The results outlined for 
analysis of individual factors related to the degree of tuberculation being experienced by a 
water main are discussed in more detail in Section 12.2.
The extension of the analysis of the relationship between degree of tuberculation and 
individual factors was carried out by adding the factors. This would indicate whether the 
same variation in tuberculation development was being explained by two factors which 
represented a similar phenomenon. This would occur if there was any relationship between 
two factors which were being considered. For example, if a consideration of two
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interpretations of temperature, such as average temperature and maximum temperature, 
resulted in no improvements in the relationship in terms of significance and coefficient of 
determination, then the variation in tuberculation that is examined by average temperature, is 
the same variation that is explained by maximum temperature. If however, the relationship 
explained by adding maximum and average temperature resulted in an improved relationship, 
then this would imply that the factors accounted for different influences in the development 
in tuberculation.
This analysis has been split into factors which cause tuberculation, and factors which are a 
result of tuberculation. The results which identified significant relationship with the 
tuberculation code are listed in Table 45 and 46. The Tables (45 and 46) identify the 
significance of each individual factor within the factor combination. For example, the 
additive effects of age and average pH resulted in a significant relationship being identified. 
The coefficient of determination for the combination of age and average pH is 0.1763, 
suggesting that the combination accounts for 18% of the variation in the degree of 
tuberculation. Average pH is the more significant parameter, as the P-statistic is lower, and 
the results also shows that the relationship between average pH and tuberculation code is 
negative, as established in the single factor analysis, while the relationship between age and 
tuberculation code is positive, implying tuberculation worsens with age. Age was not a 
significant parameter when considering it as a single factor. This implies that that age is 
only significant when considering pH. Examination of the P-statistic, which represents the 
significance of the relationship, showed that significance of the result for pH is reduced 
when combined with age. However, the increase in the significance of the result for age 
shows that there is a relationship between pH and pipe age, and the combination of results in 
an improved predictive relationship being identified.
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Table 45. Additive two factor analysis of causal factors for tuberculation
Factor combination factor P T
Material 0.2155 Cast Iron 0.0001 2.7620
+ Spun Iron 0.0152 -1.1601
average pH Ductile Iron 0.0037 34.7314
Average pH 0.0024 0.7867
Age + average pH 0.1763 Age 0.0093 26683
Average pH 0.0003 -3.7450
Diameter + average pH 0.1678 Diameter (inch) 0.0145 -2.5007
Average pH 0.0341 -2.1573
Min temp + average pH 0.1674 Min temp 0.0214 -2.5601
Average pH 0.0007 -3.5167
Temp difference + 0.145 Temp diff 0X%99 2.0904
average pH Average pH 0.0009 -3/U^7
Material + min temp 0.1082 Cast Iron 0.0000 8TK21
Spun Iron 0.0064 -2.7613
Ductile Iron 0.0002 -3.7558
Min temp 0.0422 -20463
Age + temp diff 0.07379 Age 0.0053 2.8222
Temp diff 0.0558 1.9247
Table 46 Additive two factor analysis of indicative factors for tuberculation
Factor combination R^ Factor P T
Material Œ0933 Cast Iron 0 3&6433
-1- Spun Iron 0.0006 -3.4698
50m bursts Ductile Iron 0 -A22
50m bursts 0.307 2.1716
Age 0.05473 Age 0.0065 2.7440
+
50m bursts
50m bursts 0.0144 24633
The results of the investigation to establish whether improvements could be made by adding 
factors resulted in several improved significant relationships being identified. The key
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factors, which produced several significant relationships when combined, were average pH,
material, age, diameter, temperature and the burst density at 50m.
The most significant combination of two factors was that between tuberculation code and the 
combination of material and average pH (Table 45). This relationship had a coefficient of 
determination of 0.2155, which indicates that it represents 22% of the variation in 
tuberculation code. Given the accuracy of the data being used, i.e. the general nature of the 
water quality data, and the period over which the tuberculation will have developed, tliis 
result can be considered to be of significance. This relationship would be unsuccessful if it 
was used as the sole indicator for the predictor of tuberculation, it may form the basis of a 
predictive relationship. The relationship suggests that the effects of pH vary with material. 
This may be because of the length of exposure that different material have experienced, or it 
may be to do with the effect that pH has on the different materials. For example, the effect 
of pH on ductile iron may be greater than the effect on cast iron with regards to the 
development of tuberculation. Significantly, the relationship between tuberculation code and 
the combination of age and average pH had a coefficient of determination of 0.1763, 
suggesting that effect on the material may be related to the length of exposure. However, the 
coefficient of determination is lower for the combination of average pH and age, than it is 
for the combination of average pH and material. This suggest that a significant amount of 
the variation in tuberculation code between the material types is due to the effects of 
exposure time, but the difference between the two combinations (age + average pH, material 
+ average pH) suggests that there are differences in the behaviour of the different materials 
that are not due solely to age, and that therefore the material type also has some effect. This 
is confirmed by the single factor analysis where the relationship between tuberculation code 
and material was significant, but the relationship between tuberculation code and age was 
not significant.
The combined effects of diameter and average pH were also significantly related to the 
development of tuberculation (Table 45). This suggests that the development of 
tuberculation is dependent on both the pipe diameter, and pH. The propensity for a water 
main to corrode is therefore dependent on how aggressive the water is, and the diameter, as 
identified within the single factor analysis. This may be because in small diameter mains, 
tuberculation is more likely to build at a higher pH, than in larger diameter mains. This is 
due to susceptibility of smaller diameter mains to tuberculation, due to flow and pressure
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regimes. For example, the degree of tuberculation in a 100mm main, exposed to water of a 
given pH would be higher than the degree of tuberculation in a 200mm main, exposed to the 
same pressure and flow rate. The flow and pressure regime within a small diameter main 
result in a more favourable environment for the development of tuberculation. This is due to 
the self-cleaning characteristics of larger diameter mains. Larger diameter mains generally 
experience higher pressure and flow rates due to the higher demand placed upon them as a 
result of their likely strategic function.
The significant combined effect of minimum and average temperature and average pH 
suggests that the effect of pH is greater at certain temperatures. The T-statistic of each 
relationship suggests that the effect is greater where the minimum temperature, and the 
average pH are lower, or the average temperature is higher and the average pH is lower. 
This suggests that tuberculation rate is dependent on pH and temperature, and waters which 
originate from surface water. Hence high average temperature and a low minimum 
temperature are related to the development of tuberculation. The combination of 
temperature and material, or age, also identified statistically significant relationships. As 
with the relationship between average pH and material, and average pH and age, there are 
differences in the coefficient of determination, with the coefficient for age being lower than 
the coefficient for material. Again this implies that there are differences in the way that the 
different material types respond to temperature with respect the development of 
tuberculation, which is not entirely related to the differences in age of the mains of different 
materials, and therefore the exposure period. The combination of burst density at 50m with 
either material type, or age, also revealed statistically significant relationships with the 
development of tuberculation. The gradient of burst density was in both cases positive, 
implying that the degree of tuberculation increases with the number of bursts within a 50m 
radius of the sample location, but in a way that depends on both material and age. This 
suggests that the relationship between tuberculation and bursts is stronger at certain ages or, 
in certain material types. The significance of the relationship for cast iron implies that more 
tuberculation is associated with high burst rates for cast iron, than for other material types 
(spun iron and ductile iron), and that tuberculation can be expected to be more common in 
older mains. The difference between the results for material and age again suggests that 
there are differences in the propensity of mains of a given material to develop tuberculation 
that are not entirely dependent on the age of the main and therefore the exposure period.
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The investigation into whether improvement could be seen when considering additive factors 
revealed that relationships between average pH, and, age, diameter and temperature were all 
significant, though none of the relationships identified were improvements on the single 
factor analysis. However, the result of this analysis showed that age and diameter were 
significant factors in the development of tuberculation, though there did not yield a 
significant result when considered as individual factors. The data in Table 46 suggests that 
diameter only becomes a significant factor when the characteristics of the water are 
considered.
The most significant relationship identified within the investigation into the factors which 
are related to the build up of tuberculation was that between tuberculation code and the 
combination of material type and average pH (Table 46). This had a coefficient of multiple 
determination of 0.2155, and was significant to the 95% level. The investigation of additive 
factors was extended to include three factors. The positive results identified within this 
analysis are presented in Table 47. The significant combinations identified within the two 
factor analysis were investigated further to determine if an improved predictive relationship 
could be identified by adding other parameters. A three-factor relationship would represent 
three interrelated factors which are all acting individually, but upon which the development 
of tuberculation is essentially dependent. One significant three-factor combination was 
identified which was significantly related to the development of tuberculation. This was the 
relationship between tuberculation code and the combination of material, minimum 
temperature and average pH. This relationship is significant to the 95% level and accounts 
for 25% of the variation in the development of tuberculation. This result suggests that the 
development of tuberculation is strongly influenced by the material, the minimum 
temperature, and average pH. In this situation cast iron mains which experienced low 
minimum temperature and low pH suffered from the worst degree of tuberculation. The 
result implies that the combination of pH and temperature has a different effect on the three 
materials (cast, spun, ductile), as the P and T statistics differ. The results of the single and 
two-factor analysis imply that the differences between the degrees of tuberculation are not 
entirely to do with age, but are also related to differences in the material behaviour. The 
combination of average pH and temperature may indicate that the cause of the development 
of tuberculation may be related to the source of the water. A low average pH and the 
temperature characteristics associated with tuberculation development, namely low 
minimum temperature, high maximum temperature, high average temperature and high
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temperature are all characteristics of water types originating from surface water. This is
discussed in Section 12.2 and Chapter 14.
Table 47. Multiple factor analysis for parameters related to the development of tuberculation.
Factor combination factor P T
Material 0.2510 Cast Iron 0 4.6409
-1- Spun Iron 0.0449 -2.0396
min temp Ductile Iron 0.0091 -2.6784
4- Min temp 0TB99 -2.0907
average pH Average pH 0.007 -3.5394
The final stage of multiple regression analysis of the factors that are related to the 
tuberculation, is the investigation of any interactions which are influencing the extent of the 
development of tuberculation. An interaction between two factors occurs when the 
combination of two factors is significant. This may be a chemical interaction which occurs 
when levels of certain parameters reach a certain level, when two factors are mutually 
dependent, or where the two parameters are hnked. The results of the analysis of 
interactions between two factors are presented in Table 48, and the three-factor interactions 
are presented in Table 49.
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Table 48. Two factor interactions between factors related to the development of
tuberculation
Factor combination Factor P T
Material*average pH 0.219 Cast Iron*ave pH 0.0034 -3.0274
Spun Iron*ave pH 0.0020 -3.2044
Ductile Iron*ave pH 0.0013 -3.3270
Age*50m bursts 0.0254 0.0075 26939
Age* 100m bursts 0.01473 0.0424 2.0390
Age*log D 0.021292 0.0131 2A958
Age*diameter 0.02059 0.0163 2.4177
Age*average temp 0.05677 0.0011 3.387
Age*max temp 0.06008 0.0008 3.4203
Age*min temp 0.03459 0.0113 2.5607
Age*temp diff 0.06916 0.0003 3.6872
Age*wq complaint band 0.04131 0.0006 3.4609
Age*leak compliant band Œ03808 0.0010 3.375
50m bursts*distance to burst 0.01592 0.0348 2208
50m burst*burst band 0.02373 0.0098 2.5994
50m bursts*log D 0.03181 0.0027 3.0220
50m burst*wq complaint band 0.0243 0.0090 2.3621
Burst band*log D 0.01766 0.0262 -22358
Average temp*temp diff 0.03651 0.0092 2.6333
Average temp*pH 0.05367 0.0387 -2.1033
Max temp*temp diff 0.02854 0.0215 21385
Min temp*temp diff 0.02281 0.0402 2.0667
Min temp*average pH 0.07261 0.0016 -2.4713
Average pH*Ca 0.08019 0.0284 -22486
Leak band*burst street 0.01607 0.0343 2.1272
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Table 49. Tluee factor interactions between factors related to the development of
tuberculation.
Factor combination Factor P T
Material*ave pH*Ca 0.3751 Cast Iron*ave pH*Ca 0.0002 -A0093
Spun Iron*ave pH*Ca 0.0001 -4.3534
Ductile Iron*ave pH*Ca 0.0000 -4.4961
The investigation of the two factor interactions that are related to the development of 
tuberculation revealed 23 significant results. One significant three-factor combination was 
also identified. Within the significant two-factor interactions, the most significant was the 
interaction between material and pH, which was significant to the 95% level and accounted 
for 21% of the variation in tuberculation code. All other interactions listed, though 
statistically significant results, accounted for less than 10% of the variation in tuberculation 
code. The interaction between material and pH was investigated further, and combined with 
other parameters. The combination of the material, pH and calcium content resulted in the 
identification of a statistically significant relationship that accounted for over 37% of the 
variation in tuberculation code. This result was combined with the results of the single 
factor analysis to identify the optimum predictive relationship that exists between the 
parameters listed in Table 43 and the tuberculation code. The results of this are presented in 
Table 50. The final equation is given in Equation 11. This relationship is significant to the 
90% level and accounts for 58% of the variation in the degree of tuberculation within a water 
main and involves the parameters of;
• Material type;
• Minimum temperature;
• Average pH;
• Calcium content.
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Table 50. Combination of single factors, and interactions between factors related to the
development of tuberculation
Factor combination Factor P T
Material
+
min temp 
4-
average pH 
4-
Material*average pH*Ca
0.5781
Cast Iron 0.0080 2.7591
Spun Eon 0.0074 2.7912
Ductile Eon 0.1039 1.6560
Min temp 0.0016 -3.3352
Average pH E0089 -2.7206
Cast Eon*average 
pH* Ca
0.0903 0.1218
Spun Eon*average 
pH*Ca
0.0000 -4.8061
Ductile Eon*average 
pH*Ca
E0082 -2.7492
The degree of tuberculation, measured as a tuberculation code (Dempsey, 1986), can 
therefore be estimated by Equation 11. The coefficients resulting from the analysis for the 
development of Equation 11 are presented in Table 50.
TC = 12.8617 + Mx - 0.4037 T^n -  1.0393P + Y Equation 11
Where Mx = Material, 
and Mci = 0
Msgi = 9.4996 
Mh; = 6.4763
TC = Tuberculation code 
Tmin = Minimum temperature 
P = Average pH
Y = Material*average pH*Ca
and Mci = 0.0005 A
Msgi = -0.0107 A
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Mdi = -0.0075 A
where A = Average pH*Calcuim
Table 51. Coefficients resulting from the multiple regression analysis, 
resulting in Equation 11.
Factor Value T P
(Intercept) 12.8617 2.7591 0.0080
Spun iron 9.4996 2.7912 0.0074
Ductile iron &4763 1.6560 0.1039
Average pH -1.0393 -2.7206 &0089
Minimum temperature -0.4037 -3.3352 0.0016
Cast iron*Average pH*Calcium 0.0005 0.1218 0.0903
Spun iron*Average pH*Calcium -0.0107 -4.8061 0.0000
Ductile iron*Average pH*Calcium -0.0075 -2.7492 &0082
Table 52. Distribution of residual errors resulting from Equation 11
RESIDUAL
MINIMUM -0.470
1ST QUARTILE -0.311
MEDIAN -0.227
3RD QUARTILE 0.540
MAX 0.761
The residual errors, listed in Table 52, indicate that tuberculation can be predicted to an 
accuracy of a minimum of 0.76 of a tuberculation code band width. The residual error 
distribution, presented in Table 52 indicate that the maximum error is three quarters of a 
tuberculation band, and over 50% of the predictions are within ± half of a tuberculation band. 
The results of the regression analysis for the prediction of extent of pipeline tuberculation are 
discussed in Section 6.3.2.
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12.2. DISCUSSION
The investigation into the possible prediction of degree of tuberculation using available data 
resulted in a positive relationship being identified, which can be expressed as Equation 11. 
The model to predict tuberculation is not exact due to the wide range of environmental 
factors that affect the rate of corrosion within a water main and therefore the extent of 
tuberculation development, as discussed in Section 4.4.2. However, the relationship 
identified here enables accurate prediction of extent of tuberculation, and is therefore of use 
with performance grading procedures prescribed by OFWAT (Section 3.3).
The investigation into whether the prediction of degree of tuberculation from data available 
within utility was possible, revealed a number of statistically significant relationships. 
Within the analysis, the following factors were found to be of high statistical significance, as 
discussed in Sections 12.2.1 to 12.2.7.
12.2.1. Water pH
The relationship between the pH of the water and the degree of tuberculation is significant 
with an R“ value of 0.2673%. The pH therefore accounts for 26% of the variation that can 
be seen in the extent of tuberculation within a water main. The negative T statistic indicates 
that the relationship between degree of tuberculation and pH is negative, i.e. the extent of 
tuberculation therefore increases, with decreasing pH. This is concurrent with the pH scale 
where acidity increases with decreasing pH, and the link between the pipeline corrosion and 
tuberculation, discussed in Section 4.4. Lower pH values are generally expected to lead to 
more corrosive conditions within the main, and therefore an increased rate of tuberculation 
development. This result is therefore in agreement with the literature regarding the 
development of tuberculation.
12.2.2. Leak Complaint band
The degree of tuberculation increases with increasing distance to a reported leak. This result 
was unexpected as it was assumed that pipeline leakage is related to pipeline condition, and 
therefore is also related to tuberculation. This implies that the degree of tuberculation 
increases with increasing distance from a reported leak, or that higher rates of leakage occur
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in areas with low levels of tuberculation. This in turn implies that highly tuberculated mains 
are less likely to experience leaks. Where mains experience tuberculation, a coating builds 
up on the interior surface of the main, which may provide a certain degree of protection from 
the occurrence of leakage. Increased roughness in a water main will result in an increase in 
head loss, and therefore a decrease in pressure. This may also be a cause of an apparent 
reduction in leaks in highly tuberculated mains, as lower pressure within the system will 
result in a reduction in losses through leakage.
12.2.3. Water temperature
The effect of water temperature was found to be significant in the development of 
tuberculation within a water main (Table 46). The average, minimum, maximum and annual 
differences in water temperature were all found to be significant factors in the degree of 
tuberculation within a main. The average and maximum water temperature, and the 
temperature difference have a positive relationship with the degree of tuberculation, while 
the minimum water temperature has a negative relationship with tuberculation. This implies 
that the degree of tuberculation increases, with increasing temperature. It is well established 
that temperature affects the rate of chemical reactions, with reactions generally slowing as 
temperature decreases. The chemical reactions which can contribute to the development of 
corrosion and tuberculation will therefore increase with increasing temperature. However, 
the negative relationship between minimum water temperature and degree of tuberculation 
does not appear to agree with these conclusions. This implies that as the minimum water 
temperature decreases, the degree of tuberculation increases. However, mains with a lower 
minimum annual temperature will be those fed from surface water, as it is this source type 
which is most susceptible to changes in air temperature. Such mains will also be those 
which experience higher summer temperatures, and this therefore confirms the results for 
average, maximum and annual difference in temperature.
The positive relationship between temperature difference and degree of tuberculation implies 
that a greater difference between annual maximum and minimum water temperature results 
in an increased degree of tuberculation. As already stated, areas experiencing a high 
temperature difference will be fed from surface water, rather than ground water. The 
positive result seen here could be the result of increased summer temperatures or decreased 
winter temperatures. The differences identified in degree of tuberculation could also be due
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to other factors which may be present in the surface water, which is not routinely measured,
but results in an increased propensity for a main to suffer tuberculation.
12.2.4. Water quality complaints
The distance from a water quality complaint to the location of a pipe cut-out is significantly 
related to the degree of tuberculation within a main (Table 44). The distance between the 
water quality complaint and the pipe sample produces a negative correlation, implying that 
tuberculation reduces with increased distance to a complaint. This is as expected as 
tuberculation might be greatest in areas where the distance to the nearest complaint is small. 
However, the water quality complaint band produces a positive correlation with 
tuberculation height. This implies that as the distance between the pipe cut-out and 
complaint increases, so does the tuberculation height. This conflicts with the results 
obtained from the investigation into the relationship between actual distance to a water 
quality complaint and degree of tuberculation. There are numerous possible reasons for this. 
The banding system may have reduced the accuracy in the data set, and although the 
relationship is significant, the value is low, implying the importance of the result is low. 
Reducing the resolution of the data may have had an adverse effect, which could explain the 
results. There may however, be other explanations for the difference between the results. 
The usefulness of customer complaint data in this instance will be affected by the population 
density within an area. It might be expected that a highly tuberculated main would result in 
more complaints regarding water quality in a highly populated area, than an equivalent main 
in a sparsely populated area. In sparsely populated areas, the complaints associated with a 
tuberculated main may be from a wide area since the problems caused by tuberculation will 
be carried within the distribution system. Consideration of such effects is outside the scope 
of this study. The final equation does not include a measure of the number of water quality 
complaints, as it was not a significant factor when considered with other contributory factors.
12.2.5. Water main failures
The number of bursts within a 100m radius of the main is a significant factor in the 
development of tuberculation. The relationship is negative, implying that the number of 
bursts decreases with increasing tuberculation. This coincides with the result for leak 
complaints, and suggests that the tuberculation somehow results in a lower burst rate. This
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again could be due to an increased head loss and reduced flow in highly tuberculated areas, 
placing less stress on the main, or due to some protective influence of the products of 
tuberculation on the cast iron surface.
This relationship could be affected by the inclusion of bursts from other mains and so could 
affect the accuracy. The final equation does not include a measure of burst density, as when 
considered with other causal factors, did not result in significant improvements in the 
predictive equations in terms of either significance, or the coefficient of determination.
12.2.6. Material type
Material type was found to be significantly related to the development of tuberculation 
(Table 47). Specifically, cast iron has the greatest susceptibility to tuberculation, whereas 
ductile iron has the least susceptibility to tuberculation. This may be due to several factors, 
including the behaviour of the materials. It might be expected that the exposure period to 
water will be increased for cast iron main, due to their age. With this in mind, it could be 
assumed that age would be a significant factor in the development of tuberculation. 
However, the results in Table 44 show that age is not a statistically significant factor in the 
development of tuberculation. This could be because age is not a significant factor, and it is 
the characteristics of the material which are important, alternatively it could indicate that the 
age data held by Thames Water is inaccurate.
12.2.7. Non-significant factors
The investigation into the development of tuberculation resulted in the identification of a 
number of factors which were not significant in the development of tuberculation. Key 
factors, which were expected to yield a significant result in the development of tuberculation, 
were age, diameter, and calcium content. The lack of correlation with age data may be due 
to the accuracy of the age data, as already discussed. The degree of tuberculation has been 
shown not to be related to diameter. This may be due to this study only considering pipes 
with a relatively small range of pipe diameters. An extension of the study to consider larger 
diameter mains may provide an insight in the differences in tuberculation build-up across the 
full range of diameter, flow regime and pressure. The calcium concentration within the 
water is known to inhibit tuberculation by providing a protective scale on the inside of the
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main, and has been discussed in Section 4.4. A negative relationship between degree of 
tuberculation and calcium content was therefore expected. The lack of a relationship may be 
due to the range of calcium content affecting the available samples, or the lack of variation 
in calcium content across the network, as the water across the Thames Water region is 
generally fairly hard.
12.3. CONCLUSIONS
The development of tuberculation within the distribution system is related to the chemical 
characteristics of the water within the distribution system, and the physical characteristics of 
the mains. These include; pH, water temperature, calcium content, pipe material and age. 
The use of multiple regression analysis has enabled the development of a predictive model 
for the extent of tuberculation. Equation 11 accounts for 58% of the variation in the 
development of tuberculation within the distribution network. However, this leaves 42% 
which remains unaccounted for, due to the additional parameters not being measured, or 
inaccurate or missing data. The relationship between tuberculation code and temperature 
may also be due to the association between the temperature of the water and the source water 
type. The results of the investigation into the relationship between temperature and 
tuberculation code suggested that the water which is contributing significantly to the 
development of tuberculation originates from surface water. This water type is indicated 
through the high average and summer temperatures, the low winter temperatures and high 
difference between annual maximum and minimum temperatures. The assumption therefore 
suggests that there may be additional parameters within this water type which might 
contribute significantly to the development of tuberculation.
The prediction of the extent of tuberculation within areas of a water distribution network is 
possible through knowledge of pipeline characteristics and parameters related to the 
chemical and physical characteristics of the water feeding the system. This analysis could be 
enhanced through the use of measurements of height of tuberculation, rather than the use of 
the tuberculation code system, and through the collection for a wider range of parameters 
relating the development of tuberculation.
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This method of tuberculation prediction could be of use within the annual returns to OFWAT, 
and the four yearly AMP submissions, as discussed in Chapter 3. A key element of the 
submissions to OFWAT is the assessment of pipeline performance, which includes a 
measure of degree of tuberculation. Tuberculation growth has been proven to relate to the 
incidence of water quality complaints, a performance indicator used by OFWAT to establish 
whether a utility is meeting is serviceability requirements. The development of a 
tuberculation prediction tool is therefore of great importance in the effective management 
and assessment of water distribution networks.
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13. WATER PIPELINE CONDITION PREDICTION
This Chapter details the investigation to determine whether pipeline condition can be 
predicted from the range of data sources that are currently available within Thames Water. 
The multiple regression analysis methodology, described in Chapter 10, is used to 
investigate the relationship between pipehne condition, its performance, and its environment. 
The data used within this investigation originates from information collected throughout the 
routine operation of the system, from soil maps, and from age maps of urban development. 
The accuracy of this data is variable and is discussed in Chapter 9. The origin of the data 
can be separated into three key groups, i) Data collected as part of the system operation, 
including water quality data and customer complaints data, and can be considered to be of a 
high standard in terms of accuracy, due to its collection being for quality control and 
regulatory reporting, ii) Data collected as part of the maintenance of the system, including 
data relating to the condition of the distribution system, and is also of a high standard due to 
its origin being in laboratory analysis, iii) Data originating from maps, including soil maps 
and pipe age maps, which place wide areas of the distribution network into broad bands of 
either soil characteristics or age. This data should be considered to be of relatively low 
accuracy, and the analysis of results originating from this data should take this into account.
13.1. ANALYSIS
The relationship between pipeline condition, its internal and external environmental 
influences, and the performance of mains in that area was investigated. This investigation 
was carried out using S-Plus statistical software, employing the multiple regression analysis 
technique. The aims of the investigation are three fold. Firstly, to identify the factors which 
effect the deterioration of ferrous water mains. Secondly, to determine the effects that 
deterioration in pipeline condition will have on performance. Finally, if adequate 
correlations are identified within the datasets, to determine the relationship between water 
main deterioration, and the factors which cause, or are a result of, deterioration. The 
investigation was carried out in four distinct phases. These were:
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1. The analysis of data relating to cast iron mains;
2. The analysis of data relating to spun iron mains;
3. The analysis of data relating to ductile iron mains;
4. The combined analysis of all material types.
For each of the four phases of the investigation, internal and external condition was 
considered separately. The multiple regression analysis method used is described in Section
6.1. The procedure and the results relating to the regression analysis are described in 
Sections 13.1.
A comparison between the results for the individual materials and the combined data sets, to
determine the best overall prediction of water main condition, has been made. This is
discussed in Section 13.2. The data sets that are included in each data type were identified 
from the literature as being related to the deterioration of water mains. The data sets are 
described in Section 4, and listed in Tables 53 to 55. The abbreviations used throughout this 
Chapter are listed in Table 56.
Table 53. Characteristics of the water mains used within this investigation
Water main characteristic
Material
Age
Diameter
Table 54. Factors that may lead to the deterioration of water main condition
Surface Factor
Internal
Maximum temperature
Minimum temperature
Average temperature
Temperature difference
Average pH
Calcium content
External Soil fracture potentialSoil corrosivity
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Table 55. Factors related to the performance of the water main
Factors
Number of burst within a 50m radius
Number of bursts within a 100m radius
Distance to nearest recorded burst (m)
Distance to nearest recorded burst (banded in 50m)
Log of the distance to nearest burst
Distance to nearest water quality (WQ) complaint (m)
Distance to nearest WQ complaint (banded in 50m
Distance to nearest recorded leak (m)
Distance to nearest leak (banded in 50m intervals)
Number of bursts recorded on street
Table 56. Abbreviations used within the statistical analysis
Abbreviation Description
Age Assumed age of main (years)
50m burst Number of bursts within 50m radius
100m burst Number of bursts within a 100m radius
Burst distance Distance from condition point to nearest recorded burst (m)
Burst band Distance to nearest burst, in 50m intervals
Log distance Log of distance to nearest burst
Diameter Pipe diameter (mm)
WQ distance Distance to nearest water quality complaint (m)
WQ band Distance to nearest to water quality complaint, in 50m intervals
Leak distance Distance to nearest leak complaint (m)
Leak band Distance to nearest leak complaint, in 50m intervals
Burst street Number of burst recorded in street
Ave temp Average water temperature within the main ("C)
Max temp Maximum water temperature within the main ("C)
Min temp Minimum water temperature within the main (°C)
Temp diff Difference between max and min recorded water temperature 
within the main (°C)
Ca Calcium content of the w alcr ( mg/1 )
Ave pH Average pH of the water within the main
Corrosivity Soil corrosiviiv
Fracture Soil fracture potential
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13.1.1. Cast iron
An analysis of the relationship between pipeline corrosion, and factors that may cause (Table 
54), or be indicators of (Table 55), corrosion was carried out for all cast iron mains in the 
available dataset. The regression analysis methodology used is described in Section 10.2. 
This analysis was carried out for both the internal and external surface of the main, and a 
summary of results is presented in Tables 57 and 58. A total of one hundred and thirty three 
samples were available for use in this analysis.
13.1.1.1. Internal corrosion 
The relationship between the factors that may be related to both the internal deterioration of 
cast iron mains was investigated. This was achieved through the comparison of internal 
water main condition and environment. The internal condition of a section of main was 
defined as the maximum internal pit depth (mm) in any 0.5m length of pipe. Initial analysis 
involved an assessment of the relationship between the individual factors which may be 
related to pipeline corrosion and the internal condition of the main. Analysis was carried out 
in two sections considering the relationship between maximum internal pit depth and the 
causes and effects of internal corrosion separately.
The results of this analysis, presented in Tables 57 and 58 resulted in the identification of 
only one relationship that was significant to the 95% level. This relationship was between 
maximum internal pit depth and the number of bursts in the street from which the main was 
excavated. This relationship was positive, suggesting that the number of burst within the 
street increased with maximum internal pit depth, and therefore that the condition of a main 
is therefore related to its performance. This relationship is as expected and shows that the 
condition of a main is related to its propensity to burst. However, the relationship between 
maximum internal pit depth and the number of bursts within the street from where the main 
was excavated was found to account for only 3.3% of the variation in the internal water 
mains condition. As a consequence, the use of the number of bursts within the street from 
which the main was excavated would result in a poor prediction when used independently of 
other data. The reasons for these results are discussed in Section 13.2.
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Table 57. Results of regression analysis for indicators of internal water main condition (cast
iron)
Factor P T Significant?
Leak distance 0.0334 0.0614 -1.8916 No
Burst street 0.0332 0 0366 2.1118 Yes
Age 0.0270 0.0553 1.9340 No
100m bursts 0.0173 0T326 1.5133 No
50m burst 0.0123 0.2064 1.2700 No
WQ band 0.01 14 a2% # 1.2256 No
Burst band 0.0106 0.2400 -1.1805 No
Log distance 0.0100 0J1530 -1.1482 No
Diameter 0.0053 0.4087 0.8289 No
Burst distance 0.0026 Œ5&M -0.5808 No
WQ distance 0.0005 0.8307 0.2144 No
Leak band 0.0000 0.9831 -0.0213 No
Table 58. Results of regression analysis for assumed factors causing deterioration of internal
water main condition (cast iron)
Factor P T Significant?
Ca 0.0092 0.4224 0.8069 No
Min temp 0.0070 0.3891 -0.8648 No
Temp diff 0.0067 0.3990 0.8469 No
Ave pH 0.0063 0.4813 -0.7075 No
Max temp 0.0060 0.4239 0.8027 No
Ave temp 0.0023 0.6222 0.4942 No
The prediction of the condition of cast iron mains could be improved by combining factors, 
which simulates either a combination of factors which may have a combined greater affect 
on pipeline deterioration, or an interaction between two factors which causes increased 
corrosion of cast iron pipes. The investigation into the relationship between the factors listed 
in Tables 53 to 55 was extended to include further additional factors. The results of the two 
factor analysis which produced results significant to the 95% level are presented in Table 59.
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The extension of the analysis to include two factors acting independently of each other 
identified one significant relationship which improved upon that identified from the single 
factor analysis. The improved relationship was the combination of assumed pipe age and the 
number of bursts within the street. This relationship between this combination and 
maximum internal pit depth carried a positive correlation having a coefficient of 
determination of 0.0634. The combination therefore represents 6% of the variation the 
internal condition of the main. The positive correlation implies that both the pipe age and 
the number of bursts increase with internal pit depth. Further analysis involving the step­
wise addition of factors to the expression resulted in no further improvements in the 
significance of the prediction of internal pit depth being made. This result, though 
significant to the 95% level, represents only 6% of the variation in internal pit depth, and 
cannot therefore be used a predictor of pit depth. Both water utilities and OFWAT are 
currently dependent on the assessment of condition based on maximum pit depth. This 
result therefore suggests that accurate prediction of internal pit depth, rather than destructive 
testing and direct measurement will not produce an accurate prediction of pit depth, to 
replace the need for excavation and testing.
Table 59. Results of multiple regression analysis (2 factor, additive) for significant 
indicators of internal water main condition (cast iron)
Combination Factor P T
Age 4- burst street 0.0634 Age 0.0435 2X%91
Burst street 0.0290 2.2077
The final section of the regression analysis is the consideration of interactions between 
factors. This represents interactions between factors which may be related to deterioration in 
pipe condition, where the affect of one parameter is dependent to the presence of another. 
The positive results obtained from the analysis of interactions are listed in Table 60 and 61.
The investigation into interactions between two, or more, factors related to the deterioration 
of cast iron mains revealed 20 significant relationships, all involving two factor interactions. 
The most significant relationship identified from the analysis of interactions was the 
combined effects of the burst band, which is a measure of the proximity of the pipe cut-out
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lo the nearest burst, and leak band which is a measure of the proximity of the pipe cut out to 
the nearest complaint about a leaking main. The relationship between this interaction and 
the maximum internal pit depth had a coefficient of determination of 0.0597, and a negative 
T-statistic. This implies that the relation accounted for only 6% of the variation in the 
internal water main condition, and that the maximum internal pit depth increases with a 
decrease in leak band and burst band. A low value of the burst band and the leak band is 
associated with the close proximity of both burst and reported leaks. The condition of water 
mains is therefore worse in areas close to burst water mains and reported leaks. The 
coefficient of determination for this relationship is low, and prediction of pit depth from any 
resulting expression would result in large inaccuracies. This expression accounts for 
approximately 6% of the variation in the maximum internal pit depth for cast iron mains, 
implying that approximately 94% of the variation cannot be explained by the available data. 
The analysis of the relationship between environment, performance and internal condition 
for all materials types is addressed in Section 13.1.5.
Table 60. Results of multiple regression analysis (2 factor, multiplicative) for significant 
indicators of internal water main condition (cast iron).
Product RZ P T
Burst band * leak band 0.0597 0.0047 -2.8739
Burst band * log distance 0.0570 0.0058 -2.8057
Burst band * WQ band 0 0545 0.0070 -2.7384
Age * 100m burst 0 0502 0 0098 2.6214
Age * 50m burst 0.0480 0 0115
Log distance * WQ band 0.0474 0 0122 -2.5426
Log distance * leak band 0.0470 0 0126 -2.5309
Burst band * leak distance 0.0464 0 0273 -2.2393
-2.2243Burst distance * leak distance 0.0458 0 0283
WQ band * leak band 0.0449 0.0147 -2.4731
Burst distance *burst band 0TG82 0.2460 -2.2736
50m * burst band 0.0375 0 0261
Burst distance * WQ distance 0 0374 0 0264 -2.2460
Burst distance * leak band 0 0352 0 0312 -2.1770
Burst distance * Log distance 0.0336 0.0353 -2.1273
Burst distance * Diameter 0.0301 Œ0468 -2.0069
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Table 61. Significant results of multiple regression analysis (2 factor, multiplicative) for
assumed factors causing deterioration of internal water main condition (cast iron)
Product P T
Age * Max temp &0385 0.0419 2X#91
Age * Ave temp 0 0378 a0439 2.0389
Age * Temp diff 0.0364 0.0479 2.0011
13.1.2. External corrosion
The deterioration of the external surface of cast iron water mains was investigated to 
determine the factors which are related to the corrosion of cast iron main, and the results of 
that corrosion in terms of the performance of the water main. The methodology followed as 
is described in Section 10.2, and follows the same format as the analysis described for 
internal corrosion cast iron mains.
The data sets used within this analysis are the factors that may be related to the external 
corrosion of cast iron water mains, listed in Table 62 to 63, and the known condition of a 
water main, interpreted as maximum external pit depth (mm). The factors that are related to 
external water main corrosion were separated into factors that may cause external water 
main corrosion, and that may be a result of external corrosion, as described for internal cast 
iron corrosion.
The initial stage of this analysis involves the investigation of individual factors which may 
be related to the corrosion of water mains. The results of this investigation are presented in 
Table 62.
The analysis of individual factors related to the external corrosion of cast iron water mains 
identified six significant relationships (Tables 62 and 63). These were between maximum 
external pit depth and age, burst band, burst distance, leak band, soil corrosivity and soil 
fracture potential. The relationship between external pipeline condition and age was positive 
and significant, having a coefficient of determination of 0.1070. The age of the main 
therefore accounts for over 10% of the variation in pipeline condition. The results also 
showed that the external condition of the water mains is worse in areas experiencing bursts.
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The most significant result for the relationship between external condition and the burst 
density was for the distance to the nearest burst (burst band). As with the investigation of 
internal corrosion, the relationship was negative, implying that the closer the proximity of 
the pipe cut-out to a burst location, the deeper the maximum external pit depth. This 
relationship had a coefficient of determination of 0.0584, implying that the proximity to a 
burst accounts for 6% of the variation in pipeline condition. The condition of a water main 
is also related to the soil classifications of corrosivity and fracture potential, as defined by 
Jarvis and Hedges (1997). The condition of a main was shown to worsen with an increase in 
soil corrosivity and fracture potential, and the relationships carried coefficients of 
determination of 0.1070 and 0.0914 respectively. Both parameters therefore accounted for 
approximately 10% of the variation in pipeline condition.
Table 62. Results of regression analysis for indicators of external water main condition (cast
iron).
Factor P T Significant?
Age 0.1070 0.0001 3.9463 Yes
Burst band 0.0584 0 0053 -2.8381 Yes
Burst distance 0.0395 0 0223 -2.3123 Yes
Leak band 0T886 0 0240 -2 2843 Yes
Log distance Ô.Ô284 0 0533 -1.9500 No
50m burst 0.0260 0 0655 1.8642 No
100m burst 0.0186 0.1 180 1.5698 No
Leak distance 0.0123 0.2595 -1.1338 No
Burst street &0088 0 2847 1.0742 No
Diameter 0.0008 0.3248 No
Table 63. Results of regression analysis for assumed factors causing deterioration of 
external water main condition (cast iron)
Factor RZ P T Significant?
Corrosivity 0.1070 0.0001 3.9463 Yes
Fracture 0.0914 0.0014 3.2801 Yes
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Improvements in the significance and the coefficients of determination were investigated by 
the addition of further factors to the analysis. Two factor additive combinations were 
investigated to identify any further improvements in the prediction of the condition of 
ferrous pipelines. The significant results originating from this analysis are presented in 
Tables 64 and 65. All other combinations produced non-significant results.
The consideration of additive combinations of factors highlighted five two-factor 
combinations which resulted in improvements from the consideration of single factors. 
There were related to the combination of pipe age and burst proximity, soil corrosivity and 
soil fracture potential, and a combination of two methods of quantifying leak proximity of 
leak band and leak distance. The best relationship identified in terms of significance and 
coefficient of determination is that between condition and the combination of age and soil 
corrosivity. This relationship is positive, demonstrating that the maximum external pit depth 
increases with age and the corrosivity of the soil. This relationship has a coefficient of 
determination of 0.1833, which represented 18% of the variation in pipeline condition. 
Expansion of this relationship through the addition of further factors in a step-wise manner 
revealed no further improvements.
Table 64. Results of multiple regression analysis (2 factor, additive) for indicators of 
external water main condition (cast iron)
Combination R2 Factor P T
Age -f burst band 0.1434 Age
Burst band
0.0005
0.0207
3.5788
-2.3417
Age 4- burst distance 0.1331 Age 0.0003 3.7321
Burst distance 0TG08 -1.9718
Leak distance 4- leak band 0.0542 Leak distance 0.0181 -2.4014
Leak band 0.0360 2T&W
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Table 65. Results of multiple regression analysis (2 factor, additive) for assumed factors
causing deterioration of external water main condition (cast iron)
Combination Factor P I
Age + corrosivity 0T833 Age 0.0191 3TI621
Corrosivity 0.0002 -3.8038
Age + fracture 0T782 Age 0.0011 3.3460
Fracture 0.0003 -3.7038
The final stage of the analysis is the extension to the use of multiple factor analysis, 
representing interactions between parameters. The results of this section of the analysis are 
presented in Table 66 and 67.
The consideration of possible explanatory interactions occurring between factors that cause 
deterioration resulted in four significant relationships being identified (Table 67). The 
relationships, which were significant to the 95% level, were those between maximum 
external pit depth and the interactions between age and corrosivity, age and fracture potential, 
corrosivity and fracture potential, and fracture potential and diameter. The most significant 
of these, which represented the best relationship, was the interaction between age and soil 
corrosivity which had a coefficient of multiple determination of 0.1726. This interaction 
therefore accounts for over 17% of the variation in maximum external pit depth.
Numerous significant interactions between pipeline performance indicators (which are 
related to a deterioration in pipeline condition) were identified (Table 68). In all cases the 
significance and coefficient of determination were lower than those identified from the 
interactions between soil parameters and age.
The prediction of maximum external pit depth from an equation with a relatively low 
coefficient of determination would result in poor results. Although the results obtained are 
significant to the 95% level, the resulting equation would account for less than 20% of the 
variation in observed maximum external pit depth. The data used within this analysis is 
used again within the prediction of maximum external pit depth from all material types.
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Table 66. Results of multiple regression analysis (2 factor, multiplicative) for indicators of
external water main condition (cast iron)
Interaction P T
Burst band * leak band 0.0597 0.0047 -2.8739
Burst band * log distance 0 0571 0 0058 -2.8057
Burst band * WQ band 0 0545 0.0070 -2.7384
Age * 100m burst 0 0502 0.0098 26214
Age * 50m burst 0 0482 0.0115 25& #
Log distance *WQ band 0.0474 0.0122 -2.5426
Log distance * leak band 0.0470 0.0126 -2.5309
Burst band * leak distance 0 0464 0.0273 -2J393
Burst distance * leak distance 0 0458 0.0283 -2.2243
WQ band * leak band 0 0449 0.0147 -2.4731
Burst distance * burst band 0 0382 0.0246 -2Ji736
50m burst * burst band 0 0375 0.0261 2.2498
Burst distance * WQ band 0 0374 0.0264 -2.2460
Burst distance * leak band 0 0352 0.0312 -2.1770
Burst distance * log distance 0.0336 0.0353 -2.1273
Burst distance * diameter 0.0301 0TW68 -2.1169
Table 67. Results of multiple regression analysis (2 factor, multiplicative) for assumed 
factors causing deterioration of external water main condition (cast iron)
Interaction R^ P T
Age * corrosivity 0.1726 0.0000 4.7252
Age * fracture 0.1.340 0.0001 4TK83
Fracture * corrosivity 0.1151 0.0003 3.7297
Fracture * diameter &0638 0.0081 2.6999
13.1.3. Spun grey iron
The methodology used to investigate the deterioration of cast iron in Section 13.1.1, was 
applied to data available regarding spun grey iron. The relationship between the corrosion 
of spun grey iron, and factors that may cause or be indicators of that corrosion was 
investigated using multiple regression analysis. The regression analysis methodology was 
applied to both the internal and external deterioration of the main. A summary of the results
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for internal and external deterioration are presented in Tables 68 to 76. One hundred and 
eleven samples were available for use in this analysis.
13.1.3.1. Internal corrosion
The initial stage of the analysis of the relationship between pipeline condition and the factors 
which may cause, or be a result, of internal corrosion were investigated using regression 
analysis. The results of this stage of the analysis are presented in Tables 68 and 69.
Initial assessment of individual factors that may be a cause, or be a result, of corrosion, 
revealed eight significant relationships (Tables 68 and 69). Analysis of the factors which 
relate to the performance of the distribution mains and a cause of corrosion revealed four 
significant relationships (Table 68). These relate to the proximity of the pipe cut-out 
location to reported leaks and water quality complaints and bursts. The best results were 
obtained for the relationship between the condition of spun iron mains and the leak and 
water quality complaint band. The leak and water quality complaint band had coefficients of 
determination representing 17% and 15% respectively. In both the cases of the leak 
complaint band and the water quality complaint the relationship was positive. This implies 
that both the leak and water quality complaint bands increase with increasing pit depth, and 
therefore that distance from the leak complaint to the pipe cut-out increases with worsening 
condition. The relationships therefore suggest that mains in areas which suffer water quality 
complaints and leak complaints are in better condition. The reasons for this are discussed in 
Section 13.2. The remaining two significant results regarding the relationship between the 
condition and performance of spun grey iron mains were burst density at 100m and 50m. 
These were both positive relationship, suggesting that an increase in pit depth results in an 
increased burst density, and therefore that the occurrence of a burst is related to its condition. 
The 100m and 50m burst density account for 7 and 6 percent of the variation in internal 
pipeline condition respectively.
The investigation into the relationship between internal condition of spun grey iron and the 
available data on causal factors also highlighted four significant results (Table 69). The 
most significant of the results relate to average pH and average temperature of the water 
running through the mains, which have coefficients of determination of 0.2836 and 0.2066 
respectively. The relationship between pH and internal pit depth accounted for over 28% of
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the variation in pipeline condition. The correlation was negative, confirming that a reduction 
in pH leads to a more corrosive environment and deeper pits. The average temperature of 
the water within the system was also significantly related to pipe condition. Increased water 
temperature can lead to increased corrosion rates. The remaining two significant results also 
relate to the temperature of the water. These are the relationship between internal pipeline 
condition and the annual maximum temperature and the difference between the annual 
maximum and minimum temperatures. The relationships had coefficients of determination 
of 0.0721 and 0.0511 respectively and both correlation coefficients were positive. A positive 
result in both cases indicates that, as with the result for average temperature, a higher 
maximum temperature results in higher levels of corrosion, but also, a higher temperature 
difference between summer and winter water temperature results in increase corrosion. 
Both a higher maximum temperature and higher difference between summer and winter 
temperatures are indicative of water which originates from surface water, rather than 
boreholes, which have a relatively constant temperature throughout the year. This result 
appears to suggest that the difference between the water source type, and the parameters 
associated with the source result in different rates of corrosion. This result will be discussed 
in Section 13.2.
Table 68. Results of regression analysis for indicators of internal water main condition
(spun grey iron)
Factor P T Significant?
Leak band 0.1735 0.0000 4.7612 Yes
WQ band 0.1457 0.0000 4.2926 Yes
100m burst 0 0718 0.0047 2.8899 Yes
50m burst 0.0644 0.0075 2.7268 Yes
Log distance 0.0314 0TK38 -1 8724 No
Burst street 0.0276 0.0845 1.7412 No
Leak distance 0.0216 0.2281 1 2164 No
Burst band 0.0181 0.1614 -1.4100 No
Burst distance 0.0101 0.2974 -1.0470 No
Diameter 0.0061 0.4142 -0.8197 No
Age 0.0027 &5899 0.5404 No
WQ distance 0.0007 0.5017 0.6756 No
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Table 69. Results of regression analysis for assumed factors causing deterioration of internal
water main condition (spun grey iron)
Factor P T Significant?
Ave pH 0.2836 0.0005 -3.8276 Yes
Ave temp 0.2066 0.0000 4.4198 Yes
Max temp 0.0721 0 0182 2.4137 Yes
Ca 0.0530 0 1073 -1 3176 No
Temp diff 0.0512 0 0479 2.0113 Yes
Min temp 0.0186 0.2368 0.1192 No
The relationship between the internal condition of spun iron mains and their environment 
and performance was investigated further using the consideration of two or more factors 
acting together. The significant results originating from the analysis of factors resulting 
from internal corrosion are presented in Table 70. There were no significant relationships 
identified between the internal corrosion of spun iron mains, and the casual factors listed in 
Table 54. All other combinations produced non-significant results.
The results presented in Table 70 show that four significant relationships were identified 
using combinations of two factors. All significant results identified involved pipehne 
condition and performance, and specifically involved combinations of burst density and the 
proximity of the pipe cut out location to either leak complaints or water quality complaints. 
In all the relationships identified, the factors had positive correlations coefficients. The 
positive correlation coefficients suggest that the maximum internal pit depth increases with 
an increase in number of bursts. In addition condition was shown to worsen with increasing 
distance to complaints relating to leaks or water quality problems. The most significant of 
these results showed that the relationship between the maximum internal pit depth, and the 
number of bursts in a 100m radius, plus the leak band, had a coefficient of determination of 
0.2259 therefore representing over 22% of the variation in the internal condition of the main. 
The other significant results involved the relationship between 100m burst density and the 
water quality band, the 50m burst density and the leak band and the 50m burst density and 
the water quality band. These relationships had coefficients of multiple determination of 
0.2088, 0.2040 and 0.1794 respectively. The results identified here are discussed in Section
13.2.
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Table 70. Results of multiple regression analysis (2 factor, additive) for indicators of
internal water main condition (spun grey iron)
Combination Factor P T
100m burst 4-leak band 0.2259 100m burst 
Leak band
&0086
0.0000
26782
4.6067
100m burst 4-WQ band 0.2088 100m burst 0.0043 2.9208
WQ band 0.0000 4.3052
50m burst 4- leak band 0.2040 50m burst 0TW52 2.0262
Leak band 0.0000 4.3321
50m burst 4-WQ band 0.1794 50m burst &0386 2.0943
WQ band 0.0002 0.Ô386
The final section of the investigation was to determine whether the correlation could be 
improved by considering interactions between factors. The results of this section of the 
investigation are presented in Tables 71 and 72.
The investigation into the relationships between maximum internal pit depth and interactions 
between either causal factors or factors which may be the result of internal corrosion 
identified 32 significant relationships (Tables 71 and 72). For the investigations the 
parameters that were included in the 23 significant interactions involved water quality band, 
leak complaint band, 100m and 50m burst density, number of bursts in the street from which 
the main was excavated, the distance between the pipe cut-out location and the nearest leak 
and the pipe diameter. The most significant relationship involved the interaction between the 
water quality band and the leak band. This interaction had a positive correlation coefficient 
which implies that as the maximum internal pit depth increases so does the combination of 
the distance to the nearest complaints regarding leaks and water quality. This has a 
coefficient of multiple determination of 0.1823.
The investigation of the interactions between factors which may cause corrosion identified 
nine significant interactions (Table 72). The significant parameters involved either 
temperature, calcium carbonate content, or pH. The optimum significant relationship 
identified between interactions of factors which may cause internal corrosion was that 
between maximum temperature and average pH, which had a coefficient of determination of 
0.2863, and therefore represents over 28% of the variation in maximum internal pit depth
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using single factor analysis (Table 69). The relationships presented in Tables 71 to 72 will 
produce more accurate estimations of internal corrosion, than the equivalent results for cast 
iron. However, they represent a relatively small amount of the variation in internal corrosion. 
The significance of the results is discussed in Section 13.2 along with the possible reasons 
for poor results in terms of a lack of predictive relationships. The prediction of internal 
corrosion for all materials is addressed in Section 13.1.5.
Table 71. Results of multiple regression analysis (2 factor, multiplicative) for indicators of 
internal water main condition (spun grey iron)
Product P T
WQ band * leak band 0T823 0.0000 4.9077
100m burst * WQ band 0 1552 0.0000 4.4539
100m burst * leak band 0.1481 0.0000 4.3334
100m burst * burst street 0.1098 0.0004 3.6324
Diameter * leak band 0 KKD 0.0007 3.4702
Log distance * leak band 0 0973 0.0009 3.4117
50m burst * leak band 0 0960 0.0010 3.3874
50m burst * WQ band 0 0946 0.0011 3.3698
Age * leak band 0 0880 0.0017 3.2278
Leak band * burst street 0 0871 0.0018 3.1946
Log distance * WQ band 0 0761 0.0035 2.9865
100m burst * burst band 0 0728 0.0044 2.9119
50m burst * burst street 0 0719 0.0048 2.8800
WQ band * burst street 0 0670 0.0058 2.8156
50m burst * 100m burst 0 0660 0.0067 2.7634
Age * WQ band 0 0615 0.0090 2j#91
Age * leak distance 0 0608 0.0410 2.0834
50m burst * burst band 0 0536 0.0150 2 .^ 2 0
Age * 100m burst 0 0472 0.0226 2.3134
100m burst * log distance 0 0470 0.0229 2.3084
100m burst * burst street 0 0452 0.0258 2.2609
Age * 50m burst 0 0431 0.0296 2.2051
50m burst * log distance 0.0360 0.0472 2.0071
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Table 72. Results of multiple regression analysis (2 factor, multiplicative) for assumed
factors causing deterioration of internal water main condition (spun grey iron)
Interaction P T
Max temp * average pH 0J1732 0.0006 -3.7294
Ave pH * Ca 0 2634 0.0023 -3.3292
Temp diff * Ca 0 1827 0.0131 -2.6327
Min temp * Ca 0 1803 0.0138 2.6115
Ave temp * max temp 0 1559 0.0004 3.7212
Temp diff * average pH 0 1348 0.0215 -2.4010
Ave temp * temp diff 0.0976 0.0057 2.8488
Min temp * temp diff 0 0703 0.0198 2.3807
Max temp * temp diff 0.0564 0.0375 2.1173
13.1.3.2. External corrosion 
The factors that may be a cause of, or an indicator of, the external condition of a spun iron 
water mains were investigated using multiple regression analysis, as described for cast iron, 
and outlined in Section 10.2.
The results of the initial analysis into the relationships which exist between maximum 
external pit depth and single factors are presented in Tables 73 and 74, and include four 
significant relationships. These were related to the performance of the main, and were 
specifically between the 100m burst density, the burst band, the number of burst in the street 
from which the main was excavated and the leak band. The relationship between the 
maximum external pit depth and the 100m burst density had a coefficient of determination of 
0.095, and a positive correlation coefficient. This indicates that the 100m burst density 
accounts for approximately 9.5% of the variation in external pitting. The positive correlation 
coefficient demonstrates that maximum internal pit depth increases with increasing burst 
density. The relationship between the burst band, which is an interpretation of the proximity 
of the cut out location to the nearest burst, had a negative T-statistic and a coefficient of 
determination representing approximately 5% of the variation. The negative correlation 
coefficient confirms the results for the 100m burst density, and demonstrates that the 
occurrence of a burst is related to the condition of the main. Other significant relationships 
that were identified were that between external pit depth and the number of burst in the street 
from which the main was excavated, which again confirmed that the occurrence of a burst is
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related to condition, and that between leak band and condition, which confirmed the results 
obtained for cast iron that the distance to the nearest reported leak negatively related. This 
implies that the condition of mains worsens in areas where leaks have been reported, i.e. an 
area of high leak reporting is often associated with mains being in poor condition.
Table 73. Results of regression analysis for indicators of external water main condition
(spun grey iron).
Factor P T Significant?
100m burst 0.0950 0.0011 3.3678 Yes
Burst band 0.0544 0.0142 -2.4937 Yes
Burst street 0.0498 0.0194 2.3732 Yes
Leak band 0 0388 0.0391 2.0888 Yes
50m burst 0 0192 0.1488 1.4542 No
Leak distance 0 0118 0.3741 0.0849 No
Log distance 0.0071 0.3807 -0.8802 No
Diameter 0 0008 0.7648 -0.2999 No
Burst distance 0.0002 0.8875 0.1418 No
Age 0.0001 0.9027 -0.1226 No
Table 74. Results of regression analysis for assumed factors causing deterioration of 
external water main condition (spun grey iron)
Factor R^ p T Significant?
Corrosivity 0TW38 &0968 L6829 No
Fracture 0.0001 0.4360 -0.7834 No
The relationship between external condition and factors which may cause pipe deterioration, 
or be the result of deterioration, was investigated further by adding factors. The significant 
results obtained by adding two factors that are a result of external corrosion acting 
independently are presented in Table 75. There were no significant relationships identified 
between the internal corrosion of spun iron mains, and the casual factors listed in Table 55.
The results presented in Table 75 show that only two significant relationships could be 
identified. Both significant relationships involved the factors that may be an indicator of
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external corrosion, and specifically were combinations of different interpretations of the 
proximity of the pipe cut-out to locations of water main bursts. The best relationship 
identified was the additive combination of the number of bursts within a 100m radius and the 
number of bursts in the street. In this analysis the coefficient of determination was increased 
to 0.1430, and had a positive T-statistic. This indicates that the condition of the main is 
related to burst density. This conclusion is confirmed by the significant relationship 
identified for the combination of burst distance and burst band. This result also indicates 
that the condition worsens with increasing distance from the site of a burst. This result is 
discussed in Section 13.2.
Table 75. Results of multiple regression analysis (2 factor, additive) for indicators of 
external water main condition (spun grey iron)
Combination RZ Factor P T
100m burst 4- burst street 0.1430 100m 0.0010 3.3911
Burst street 2.1584 21584
Burst distance 4-burst band 0.1080 Burst distance 0.0127 2.5350
Burst band 0.0005 -3.5964
Further improvements in the prediction of the condition of spun grey iron mains was 
investigated using an analysis of interactions between factors related to the deterioration of 
pipeline condition. The significant results identified within this analysis are presented in 
Table 76. There were no significant relationships identified between the internal corrosion 
of spun iron mains, and the casual factors listed in Table 55.
The results presented in Table 76 show that 14 interactions were significantly related to the 
external condition of a main. All significant results involved interactions between factors 
that are the result of pipeline deterioration. The interaction between the number of bursts 
within a 100m burst and number of bursts in the street, again resulted in the best relationship, 
but the coefficient of determination only increased to 0.1452. As with the investigation for 
cast iron, the results obtained only account for a relatively small amount of the variation in 
the external pit depth. The relationships identified here, and the reasons behind them are 
discussed in Section 13.2.
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Table 76. Results of multiple regression analysis (2 factor, multiplicative) for indicators of
external water main condition (spun grey iron)
Interaction RZ P T
100m burst * burst street 0.1452 0.0000 4.2641
Leak band * burst street 0 092^ 0.0013 3.2986
100m burst * burst band 0 0885 0.0016 3.2389
100m burst * log D 0 0830 0.0023 3T268
100m burst * leak band 0.0828 0.0023 34229
WQ band * burst street 0 0795 0.0030 3.0404
50m burst * burst street 0 0780 0.0033 3.0085
^2.8607"Burst band * diameter 0 0704 0.0051
100m burst * burst distance 0 0678 0.0060 2.8019
100m burst * WQ band 0.0674 0.0062 2.7930
100m burst * diameter 0 0606 0.0095 24Ü91
Age * burst street 0 0583 0.0114 2.5731
Leak distance * burst street 0 0577 0.0469
WQ band * leak band 0TG78 0.0418 2X#98
13.1.4. Ductile iron
The investigation into the deterioration of ductile iron using multiple regression analysis 
utilises the same methodology employed for both cast iron and spun iron. The regression 
analysis methodology is outlined in Section 10.2. The relationship between the corrosion of 
the internal and external surfaces of ductile iron mains, and the factors which may be a cause 
or a result of that corrosion was investigated. A summary of the results for internal and 
external deterioration are presented in Tables 77 to 79, and 80 to 84 respectively. One 
hundred and twenty seven samples were available for use in this analysis.
13.1.4.1. Internal corrosion 
The relationship between the internal corrosion of ductile iron and factors that may be a 
cause of such corrosion, or alternatively be the result of such corrosion was investigated 
using multiple regression analysis. The results of this analysis are presented in Table 77 
and 78. The analysis of individual factors revealed four significant relationships. The 
environmental factors, average pH and average temperature were significant to the 95% 
level and had coefficients of determination 0.1224, and 0.0814 respectively. Considering the 
factors that may be a result of the corrosion of ductile iron main showed that the leak band
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and the water quality band were related to the internal condition of ductile iron mains. 
These results were significant to the 95% level and accounted for approximately 6% and 4% 
of the variation in internal condition respectively. The results obtained for single factor 
analysis are listed in Tables 77 and 78 and are discussed in Section 13.2. The relationships 
between the data sets were investigated further using additive combinations of factors in a 
stepwise manner. For ductile iron, no improvements could be made to the relationship 
already identified.
Table 77. Results of regression analysis for indicators of internal water main condition
(ductile iron)
Factor RZ P T Significant?
Leak band 0.0613 0.0052 2.8470 Yes
WQ band 0.0385 0.0186 23&M Yes
Age 0.0212 0 1039 -1.6384 No
Burst distance 0.0092 0.2865 1.0705 No
Burst band 0.0086 0.2295 1.0419 No
100m bursts 0.0058 0.3973 -0.8495 No
50m bursts 0.0029 0.5500 0.5994 No
Leak distance 0.0022 0.6425 0.4656 No
Burst street 0.0020 0.6169 0.5015 No
WQ distance 0.0008 0.7748 -2.8690 No
Log distance 0.0006 0.7777 -0.2830 No
Diameter 0.0006 0.7825 -0.2766 No
Table 78. Results of regression analysis for assumed factors causing deterioration of internal
water main condition (ductile iron)
Factor R^ P T Significant?
Ave pH 0.1224 0.0497 -2.0453 Yes
Ave temp 0.0814 0.0103 2.6288 Yes
Ca 0.0304 &32M 1.0013 No
Max temp 0.0198 0.2127 1.2565 No
Temp diff 0.0126 0.3214 0.9979 No
Min temp 0.0020 0.6894 -0.4011 No
The final section of the investigation is the consideration of the presence of significant 
interactions between factors. The results of this section of the investigation are presented in
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Table 79. Nine significant two-factor interactions were identified between indicators of 
water main condition, which involved burst location, water quality complaints, leak 
complaints and pipe age. Of the significant interactions identified, the highest coefficient of 
determination was 0.06 for the interaction between water quality complaints and leak 
complaints. Due to the low coefficients of determination that are associated with these 
results, the development of an equation for the prediction of internal condition of ductile iron 
pipe would not be adequate for accurate prediction of internal condition.
Table 79. Results of multiple regression analysis (2 factor, multiplicative) for indicators of 
internal water main condition (ductile iron)
Product P T
WQ band * leak band Œ0687 0.0030 3.0232
Burst band * leak band 0 0542 0.0087 2.6661
Log distance * leak band 0.0472 0.0145 2.4784
Age * leak band 0.0407 0.0236 2.2923
Burst band * WQ band 0.0395 0.0256 2.2589
Log distance * WQ band 0.0365 0.0322 2.1666
Age * WQ band 0 0353 0.0351 2.1311
Diameter * leak band 0 0351 0.0357 21238
Burst distance * leak band 0.0317 0.0462 2.0137
13.1.4.2. External corrosion 
The relationship between the factors that may be a cause of, or an indicator of, the external 
condition of a ductile iron water mains was investigated using multiple regression analysis. 
The methodology employed was as applied during the analysis of the deterioration of cast 
iron and spun ion. The results of this analysis are presented in Tables 80 to 82.
Analysis of the relationships between individual factors related to the external condition and 
both the environment and performance of ductile iron mains identified only one significant 
result. The significant result involved the relationship between maximum external pit depth 
and the number of bursts occurring within a 50m radius of the site of the pipe cut out. 
Though this relationship was significant to the 95% level, it had a low coefficient of 
determination of only 0.037 (-4%), which would lead to poor prediction of pipeline 
corrosion. The results of this section of the analysis are presented in Tables 80 and 81.
199
Table 80. Results of regression analysis for indicators of external water main condition
(ductile iron)
Factor P T Significant?
50m burst 0X%70 0.0309 21827 Yes
100m burst 0.0294 Od%48 1.9392 No
Age 0.0213 0.1027 1.6439 No
Burst street 0.0165 0.1516 1.4429 No
Leak band 0.0097 0JT33 1.1004 No
Leak distance 0.0027 0.6005 0.5254 No
Burst band 0.0025 0.5769 -0.5594 No
Diameter 0.0001 0.7304 -0.3454 No
Log distance 0.0007 0.7686 0.2949 No
Burst distance 0.0003 0.8528 -0.1859 No
Table 81 Results of regression analysis for assumed factors causing deterioration of external
water main condition (ductile iron)
Factor R^ P T Significant?
Corrosivity
Fracture
0.0102 0.3120 1.0163 No
0.0009 0.7670 -0.2972 No
Expansion of the investigation to consider additive combinations of two factors is presented 
in Table 82. Two significant combinations of two factors were identified as being 
significantly related to condition, involving the water quahty band and either age or the 50m 
burst density. The most significant result that could be identified was that for the 
combination of age and water quality band. This was significant to the 95% level, but 
represented only approximately 7% of the variation in condition, so its use in the prediction 
of external condition would be limited. There were no significant combinations identified 
for causal factors of corrosion. Consideration of further additive factors in a stepwise 
manner revealed no further significant results.
2 0 0
Table 82. Results of multiple regression analysis (2 factor, additive) for indicators of
external water main condition (ductile iron)
Combination Factor P T
Age + WQ band &0763 .Age............................
WQ band
0.1420
0.0078
2.4885
27Œ 2
50m burst + WQ band Œ0686 50m burst 0T%53 2.2641
WQ band 0.0431 2.0441
The final stage of the investigation of the factors related to external condition is the 
consideration of interactions between parameters. The results of this section of the analysis 
are presented in Table 83. A total of seventeen significant interactions between factors 
which occur as a result of external corrosion were identified that were significant to the 95% 
level. The most significant of these relationships was that between external condition and 
the interaction between the burst density at 50m and the distance to the nearest water quality 
result. This accounted for approximately 12% of the variation in condition. All other 
interactions accounted for less than 10% of the variation in condition.
Table 83. Results of multiple regression analysis (2 factor, multiplicative) for indicators of 
external water main condition (ductile iron)
Product RZ P T
50m burst *WQ distance 0.1229 0.0004 3.6866
50m burst *100m burst 0 0947 0.0005 3.6011
50m burst * burst street 0 0892 0.0007 3.4845
100m burst * burst street 0 0891 0.0007 T4823
100m burst * WQ distance 0 0752 0.0060 2.8195
Age * WQ band 0 0732 0.0022 3T295
50m burst * WQ band 0 0704 0.0027 3.0650
WQ distance * burst street 0.0650 0.0109 2.5971
Age * 50m burst 0.0605 0.0055 2.8263
Age * 100m burst 0.0544 -0.0166 2.4282
50m burst * leak distance 0.0520 0.0212 2.3409
50m burst *log distance 0.0417 0.0218 3.3231
50m burst * leak band 0 0396 0.0256 2.2597
100m burst * WQ band 0 0376 0.0296 2.2010
WQ band * burst street 0 0327 0.0426 Z0486
100m burst * leak band 0 0238 0.0847 1.7379
100m burst * leak distance 0.0004 0.0462 2.0185
2 0 1
Table 84. Results of multiple regression analysis (2 factor, multiplicative) for assumed
factors causing deterioration of external water main condition (ductile iron)
Product P T
Age*corrosivity 0.0394 0.455 2.0251
The coefficients of determination of the significant relationships presented in Tables 80 to 82 
were generally low. The best relationship identified was that between external pit depth and 
the interaction between the number of bursts within a 50m radius and the distance to the 
nearest water quality complaint. This however has a coefficient of determination of only 
0.1229, which is simply insufficient to allow any accurate predictions of condition to be 
made.
13.1.5. All material types
The investigation into the relationship between the individual materials of cast, spun and 
ductile iron and the factors which may either cause, or be indicators of, their deterioration 
resulted in the identification of generally poor relationships. This conclusion can be drawn 
thi'ough interpretation of the results from multiple regression analysis. The prediction of 
pipeline deterioration from the relationships identified here would result in a high degree of 
error. An improved predictive relationship could be identified though the analysis of a 
master database, combining all material types. The multiple regression analysis 
methodology was applied to the master database to determine if any improved relationships 
could be identified. The results of this analysis of the master database are presented in 
Section 13.1.5, and are discussed in Section 13.2.
The investigation into the relationship between corrosion depth and the factors listed in 
Table 54 to 56 was extended to include all material types. The purpose of this was to 
establish whether improved relationships between the degree of corrosion, and factors that 
may be related to deterioration of a pipe, could be identified if the differences between the 
three different materials were considered. Throughout this analysis the degree of corrosion 
was quantified as the maximum internal or external pit depth. The application of the 
regression analysis techniques was as applied in the investigation into the extent of corrosion
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within the three individual material types. The investigation was carried out in two sections, 
considering internal and external corrosion independently. Within each section, the factors 
that may cause corrosion (pipe environment) or be a result of corrosion (pipe performance) 
were considered individually, taking into account the characteristics of the main (material, 
age, diameter) each time.
A summary of the results obtained for internal and external corrosion are presented in Tables 
85 to 90, and 92 to 98 respectively. A discussion of the results obtained for both individual 
material types and the combined master data set is presented in Section 13.2. A total of two 
hundred and fifty seven samples were used in this analysis.
13.1.5.1. Internal corrosion 
The extent of internal corrosion on available sections of water main was investigated with 
respect to the characteristics of the main and both the internal environment, and the 
performance of the main. This was carried out using the data sets listed in Table 54 to 56. 
The results of this investigation are presented in Tables 85 to 90.
The initial phase of the regression analysis methodology involves a consideration of 
individual factors that are related to the internal condition of the main. A total of thirteen 
factors were identified as being significantly related to the internal condition of a main 
(Table 85). This included the seven factors that are related to the performance of main, and 
so may be indicative of condition of a main, four related to the environment to which the 
main is exposed, plus two pipeline characteristics (age and material).
The most significant individual factors that are related to the internal condition were found to 
be material and age. These parameters were significant to the 99% level and accounted for 
28% and 15% respectively. The material and age of a main will generally be broadly related 
as different materials were installed over different installation periods. It is therefore 
unsurprising that both material and age had comparatively high values of significance and 
coefficient of determination. The relationship between internal condition and age showed 
that pit depth increased with age, and therefore that older pipes were generally in worse 
condition than younger pipes. Other factors that were significantly related to the internal 
condition of the main were the number of bursts in the area from which the main was
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excavated. All results concerning the relationship between internal condition and the 
location of bursts indicated that the condition of mains is worse in areas with higher burst 
rates. Of the parameters that represent the number of burst in the area, the number of burst 
within a 100m radius of the pipe sample location was the most significant, with the highest 
coefficient of determination and the lowest P-statistic. Although the significance of the 
relationship between internal condition and the burst density in the area was high, the 
coefficient of determination was low, accounting for only 6% of the variation in condition.
Other significant results related to performance of the main and its condition involved the 
distance to the nearest water quality complaint in the area, and the distance to the nearest 
leak complaint. The relationship between the nearest water quality complaint (WQ band) 
and the condition of the main showed that the condition of the main worsened with 
increasing distance to the nearest water quality complaint. This result appears to suggest 
that the condition of a main is better in areas suffering from corrosion, which is not as 
expected. It was anticipated that mains in poor condition would be related to water quality 
problems due to the relationship between water quality and tuberculation and between 
tuberculation and condition. The reasons for this result will be discussed in Section 13.2. 
The relationship between internal condition and the distance to the nearest leak complaint 
suggest that the condition of the main worsens as the distance to the nearest leak decreases, 
and therefore mains that leak are in worse condition than those that do not leak. It should 
however be remembered that the results for the relationship between condition and the 
distance to the nearest complaints regarding burst and water quality, though statistically 
significant, only account for a small amount of the variation in condition. The results 
discussed here present an indication of the trends in the data and the effects of internal 
condition on performance. Due to the significance and coefficients of determination 
associated with the relationships, the results achieved cannot be used at this stage to predict 
condition with any degree of certainty or accuracy
The investigation into the relationship between the chemical and physical characteristics of 
the water which feeds the area from which the main was excavated, and the condition of the 
main revealed four significant results (see Table 86). These were related to the pH and 
temperature of the water. The relationship between internal condition and pH was negative, 
and suggests that condition worsens with decreasing pH. Pit depth is therefore greater in 
areas where the acidity of the water is higher. All other significant individual casual factors
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in the internal corrosion of ferrous main are related to the temperature of the water. A high 
average and maximum temperature is related to an increase in pit depth, as is a high 
difference between maximum and minimum annual temperature. This result suggests that an 
increase in water temperature leads to an increase in corrosion rate, or alternatively, that a 
water source which exhibits these temperature characteristics leads to a higher degree of 
internal corrosion. As with some results relating to the performance of the main, these were 
significant but had relatively low coefficient of determination.
The results in Tables 85 and 86 can be used to explain the general trends in data rather than 
to predict condition, but may form the basis of a predictive equation when further factors are 
considered. The development of a predictive equation for the assessment of internal 
condition involves the consideration of combinations of factors. The purpose of this is to 
determine whether an improved relationship could be identified between internal corrosion 
and both environment and performance.
Table 85. Results of regression analysis for indicators of internal water main condition (all
irons)
Factor p T Significant?
Material 0.2804 0.000 Yes
Age 0.1506 0.000 8.0543 Yes
100m bursts 0TI598 0 000 4.8250 Yes
50m bursts 0.0490 0 000 4.3417 Yes
Burst band 0.0490 0 000 -4.3413 Yes
WQ band 0.0380 0 000 3.8004 Yes
Burst street 0.0349 0.000 3.6324 Yes
Log distance 0TG32 0 0005 -3.4993 Yes
Leak band 0.0262 0.0019 -3.1361 Yes
Burst distance 0.0084 0 0786 -1.7637 No
WQ distance 0.0048 0 2555 1.1396 No
Leak distance OB032 0 3130 -1.0109 No
Diameter 0.0000 0.9338 -0.0831 No
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Table 86. Results of regression analysis for assumed factors causing deterioration of internal
water main condition (all irons)
Factor P T Significant?
Ave pH Œ0426 0.0107 -2.5846 Yes
Ave temp 0.0424 0.0007 3.4127 Yes
Max temp 0.0208 0.0188 2.3644 Yes
Temp diff 0.0165 &0368 
...........Ô Ï3 ÏT
2.0984 Yes
Min temp 0.0087 -1.5146 No
Ca 0.0077 0.3035 T0328 No
The individual factors investigated in the initial stages of this analysis were then considered 
initially as pairs of factors. Each combination of two factors was considered. Those 
combinations which did not significantly improve the relationship between the condition and 
the related factors when added together were rejected in a stepwise manner. The 
consideration of two factors was extended to included combinations of three factors only 
when all two factor combinations had been considered, and those rejected for which no 
improvement was evident. The results of this analysis are presented in Tables 87 and 88.
Each significant result from the initial analysis of individual factors was considered in turn, 
to identify improvements in both the significance of the result and the coefficient of 
determination. The combinations involving material type and age were first considered, as it 
is these results which revealed the most significant relationships during the initial analysis of 
individual factors.
The relationship between combination of material type and the distance to the nearest water 
quality complaint revealed the best result, accounting for 31% of the variation in internal 
condition. Also of interest were the combinations of material type and the distance to the 
nearest leak (leak band), the number of bursts in the street from which the main was 
excavated (burst street), and the burst density at 50m and 100m. These accounted for 
approximately 30%, 30%, 29% and 29% respectively.
The combinations involving the age of the main also revealed some promising results, 
though the coefficients of determination were generally lower than that involving material. 
Interestingly, the combinations of age with distance to water quality complaint (WQ band).
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distance to the nearest leak complaint (Leak band), the burst density at 100m and 50m and 
the number of burst in the street from where the main was excavated were all significant, as 
with the results for combinations involving material. All results involving age had a 
coefficient of determination less than 0.2 (20%), and so were not as good as the 
combinations involving material. Further investigation, using added factors, resulted in 
significant improvements from the single factor analysis. These involved combinations 
including consideration of the presence of bursts, leaks and water quality complaints. All 
such results, though significant to the 95% level, had relatively low coefficients of 
determination. Their inclusion in a predictive model would therefore be likely to lead to poor 
assessment of condition.
The chemical and physical characteristics of the water that may lead to internal corrosion 
were also considered. A total of four two-factor combinations were found to be significant 
(Table 88). These included either material or age, and either average temperature or average 
pH. The most significant relationship was for that between material and the average water 
temperature, which accounted for 34% of the variation in internal pipe condition. This 
relationship is better than that identified from factors related to performance. The final stage 
of this is to consider additional factors to determine whether further improvements could be 
made which could aid in the development of an equation to predict condition. All possible 
combinations of three factors were considered, using the best relationship found at this stage 
which is the combination of material and average temperature as the basis. This resulted in 
one significant three-factor combination being identified. This involved the combination of 
material, water quality complaint band and average water temperature. This combination 
accounted for 37% of the variation in internal condition. Given the quality and origin of the 
data used within this investigation, and the use of multiple regression analysis, this result is 
significant, and would enable prediction of general internal pipeline condition.
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Table 87. Results of multiple regression analysis (2 factor, additive) for indicators of
internal water main condition (all irons)
Combination Factor P T
Material + WQ band 0.3143 Material 0.0000 16.2923
Spun gie\ iron 0.0000 -6.8007
Ductile iron 0.0000 -12.0342
WQ band 0.0000 4J381
Material +leak band 0.3072 Cast iron 0.0000 17.6621
Spun grey iron 0.0000 -6.8677
Ductile iron 0.0000 -12.0647
Leak band 0.0002 0.0002
Material + burst street Œ2956 Material 0.0000 2T5108
Spun grey iron 0.0000 -6.3998
Ductile iron 0.0000 -11.5256
Burst street 0.0057 Z7MM
Material + 50m burst 0.2954 Material 1 0.0000 23.4044
Spun grey iron 0.0000 -6.708
Ductile iron 0.0000 -11.2541
50m burst 0.0057 2.7824
Material + 100m burst 0.2930 Material 0.0000 21.2068
Spun grey iron 0.0000 -5.8412
Ductile iron 0.0000 -10.9413
100m burst 0.0115 2.5389
Age + WQ band 0.1930 Age 0.0000 &3726
WQ band 0.0000 4.3726
Age + leak band 0.1864 Age 0.0000 8.4797
Leak band 0.0001 4.0122
Age + 100m burst 0.1789 Age 0.0000 7.2759
100m burst 0.0004 3.5491
Age + 50m burst 0.1763 Age 0.0000 7.5100
50m burst 0.0008 33748
Age + burst street 0.1740 Age 0.0000 7.8285
Burst street 0.0014 3.2165
Age + burst band 0.1649 Age50 0.0000 7.1178
Burst band 0.0128 -2.5026
Age + log D 0.1623 Age 0.0000 73233
Log distance 0.0244 -23595
100m burst + WQ band 0.0966 100m burst 0.0000 43& n
WQ band 0.0001 3.8550
100m burst + leak band 0.0919 100m burst 0.0000 5.1411
Leak band 0.0004 33932
Burst band + WQ band 0.0896 Burst band 0.0000 -4.5510
WQ band 0.0001 4B370
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50m + WQ band 0.0820 50m burst 0.0000 4T867
WQ band 0.0003 T6%#
Burst band + leak band 0^M3 Burst band 0.0000 -4.6455
Leak band 0.0005 3.5395
100m burst + burst street 0.0775 100m burst 0.0001 4.0990
Burst street 0.0092 2.6168
50m + leak band 0.0747 50m burst 0.0000 4.3782
Leak band 0.0016 3T890
Log distance + WQ band 0.0695 Log distance 0.0005 -3.5146
WQ band 0.0002 3.8138
50m + burst street a w # 2 50m burst 0.0003 3.6655
Burst street 0.0005 0.0053
Burst band + burst street &Œ38 Burst band 0.0006 -3.4705
Burst street 0.0113 2.5475
50m burst + burst band 0.0657 50m burst 0.0110 2.5590
Burst band 0.0110 -0.5552
WQ band + burst street 0.0652 WQ band 0.0007 34353
Burst street 0.0012
Log distance + leak band 0.0626 Log distance 0.0002 -3.7662
Leak band 0.0007 3.4305
Burst street + leak band 0T387 Burst street 0.0004 3.5558
Leak band 0.0026 3.0326
Log distance + burst street 0.0509 Log distance 0.0135 -2.4811
Burst street 0.0080
Burst distance + leak band 0.0369 Burst distance 0.0450 -2.0116
Leak band 0.0011 3.2818
Table 88. Results of multiple regression analysis (2 factor, additive) for assumed factors 
causing deterioration of internal water main condition (all irons)
Combination Factor P T
Material + ave temp 034% Cast iron 
Spun grc\ iron 
Ductile iron 
Ave temp
0.0324 -2.1504
0.0000 -6.7866
0.0000 -10.5684
0.0003 3.6668
Material + ave pH 0.2566 Cast iron 0.0006 3.5112
Spun grey iron 
Ductile iron 
Ave pH
0.0063 -2.7717
0.0000 -6.4553
0.0074 -2.7162
Age + ave temp 0.2090 Age 0.0000 T 4 # 5
Ave temp 0.0019 3.1408
Age 4- average pH 0.1581 Age 0.0000 4.5296
Ave pH 0.0008 -3.4195
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The final stage of the development of the regression equation for the prediction of internal 
condition is the consideration of interactions between the datasets. This represents either a 
physical interaction between the data, or two factors which when considered together have a 
greater combined effect than when considered alone. The results of this section of the 
analysis are presented in Tables 88 and 89. A total of 50 statistically significant interactions 
between datasets were identified. These were added to the three factor combination of 
material, water quality complaint band and average temperature to determine whether any 
improvement could be made to the final equation. The optimum relationship that was 
identified included the interaction between the pipe age and the number of bursts in a 100m 
radius of the pipe cut-out. This represents the effect of both age and burst density, where 
mains that are both old, and have a high number of bursts are more likely to be in poor 
condition than mains that are either old and have a low number of bursts or are young and 
have a high number of bursts. A final check was then made to determine whether the 
addition of any further single factor, or interactions would result in improvements in the final 
equation. This resulted in the addition of the number of bursts in the street from which the 
main was excavated being added to the final equation. The optimum equation, which has a 
coefficient of determination of 0.3885, and is significant to the 95% level, therefore now 
includes the parameters of:
• Pipe material
• Water quality complaint band
• Average temperature
• Burst Street
• Pipe age
• 100m burst density
The increase in the coefficient of determination from 37% to 39% is, however, a small 
increase. An ideal predictive model will enable prediction of condition from a small number 
of factors and a minimal increase in the quality of the predictive equation may not be 
warranted through an increase in the number of parameters required, and therefore an 
increase in the complexity of the model. However, given that the aim of the analysis is to
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develop a model which will produce an accurate assessment of pipeline condition, this 
increase can still be considered a significant step forward.
Table 88. Results of multiple regression analysis (2 factor, multiplicative) for indicators of
internal water main condition (All iron)
Product RZ Coefficient P T
Material * 100m burst 0.1462 M l * 100m burst 0.0000 6.6606
M 2' 100m burst 0.0125 2.5108
M3 * 100m burst 0.0032 -2.9536
Material * burst band 0.2026 M l*  burst band 0.0058 2.7736
M2 burst band 0.0243 -2.2621
M3 * burst band 0.0000 -6.0706
Material *leak band 0.1856 M 1 * leak band 0.0000 6.6931
M2 * leak band 0.0036 2.9308
M3 * leak band 0.0225 -2.2922
WQ band * leak band 0.0422 0.0001 4.0130
WQ band * burst street 0.0425 0.0001 4.0238
Log distance * WQ band 0.0117 0T382 2.0803
Log distance * burst street &0235 0.0032 29&W
Leak band * burst street 0TW35 0.0001 4.0722
Diameter * WQ band 0.0140 0.0203 2.2822
Diameter * leak band 0.0166 0.0136 24&%
Burst distance * WQ 
distance 0.0176
0.0298 -Z1848
Burst band* log distance 0.0416 0.0001 -3.9836
Burst band * leak distance 0.0209 0.0161 -2.4207
Burst band * diameter 0.0205 0.0059 -2.7693
Age * WQ distance &0982 0.0000 5.3918
Age * WQ band 0.1310 0.0000 7.4267
Age * log distance 0.0908 0.0000 6.0481
Age * leak distance 0.0473 0.0003 3.6885
Age * leak band 0.0994 0.0000 6.3571
Age * diameter 0.0431 0.0001 4.0611
Age * burst street 0.0667 0.0000 5.1078
Age * burst band 0.0197 0.0000 0.0070
Age * 50m burst 0.0749 0.0000 54436
Age * 100m burst 0.1033 0.0000 6.4940
50m burst * WQ distance 0.0203 0.0195 2.3503
50m burst * WQ band 0.0521 0.0000 44& #
50m burst * log D 0.0297 0.0009 T&W9
50m burst * leak band 0.0347 0.0003 3.6289
50m burst * diameter 0.0217 0.0046 2.8505
50m burst * burst street 0.0500 0.0000 4.3822
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50m burst * burst band 0.0165 0.0136 2.4800
50m burst * 100m burst 0.0570 0.0000 4.7011
100m burst * WQ distance 0TG36 0.0025 3.0463
100m burst * WQ band 0.0714 0.0000 5.3051
100m burst * log distance 0.0357 0.0003 3.6792
100m burst * leak band 0.0515 0.0000 44585
100m burst * diameter 0.0455 0.0000 4.1753
100m burst * burst street &0787 0.0000 5.5837
100m burst * burst band &0469 0.0000 4.2445
100m burst * burst 
distance 0.0275
0.0014 3.2171
Table 89. Results of multiple regression analysis (2 factor, multiplicative) for assumed 
factors causing deterioration of internal water main condition (all irons)
Product Coefficient P T
Material * ave temp 0.3401 Cast iron * ave 
temp
0.0000 3.6172
Spun iron * ave 
temp
0.0004 3.6172
Ductile iron * ave 
temp
0.0015 3.2009
Material * ave pH 0J588 Cast iron * ave pH 0.0098 -2.6158
Spun iron ‘ a\e pH 0.0062 -2.7782
Ductile iron * ave 
pH
0.0022 -3.1131
Age * ave temp 0H839 0.0000 7.6987
Age * max temp 0.1789 0.0000 7.5693
Age * temp diff 0.1681 0.0000 7.8297
Age * min temp 0.1554 0.0000 6.9557
Age * Ca 0.1162 0.0000 4.2434
Age * ave pH 0.0851 0.0003 3.7361
Max temp * temp diff 0.0244 0.0109 2.5651
Ave temp * temp diff 0.0240 0.0115 2.5411
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PDi = -3.3332 + M x-H 0.1181W -h 0.0847 B +0.3624 Tave + 0.0012 A -Equation 12
Where PDi = Maximum internal pit depth
W = water quality band
B = burst street
Tave = Average temperature (°C)
A = Age* 100m burst band
And Mx is variable according to material type
Mci = Cast iron = 0
Msgi = Spun grey iron = -0.5407
Mdi = Ductile iron = -0.3521
Equation 12 produced the coefficients listed in Table 90.
Table 90. Coefficients resulting from the multiple regression analysis, resulting in
Equation 12
Parameter Value Std. Error t-value P
(Intercept) -3.3332 1.8862 -1.7671 0.0784
Spun grey iron -0 5407 0.0849 -6.3729 0.0000
Ductile iron -0 3521 0.0527 -6.6759 0.0000
WQ band 0 1181 0.0475 2.4853 0.0136
Average Temp 0 3624 0.1527 2.3730 0.0184
Burst street 0 0847 0.0488 1.7349 0.0440
Age * 100m burst 
band
0.0012 0.0004 2.8229 0.0051
Equation 12 has a coefficient of multiple determination of 0.3885, and is significant to the 
95% level. The residual error of Equation 12 approximates to the normal distribution, and is 
presented in Table 91. The reasons for these results are discussed in Section 13.2.
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Table 91. Distribution of residual errors resulting from Equation 12
R e s id u a l
M i n im u m -2.598
1st QUARTIl 1 -0.7185
M e d ia n -0.1582
3rd QUARTIl 1 0.7681
M a x im u m 2.894
The median error is therefore -0.15mm, and over 50% of the predicted maximum internal pit 
depth has an error of less than ±0.78mm. The accuracy of Equation 12, and the potential for 
its application is discussed in Section 13.2. This result is significant, given the need for a 
water utility to assess pipeline condition through measurement of pit depth. Though exact 
pit depth cannot be predicted, the prediction of general loss of section is possible. This 
would enable a utility to highlight areas likely to be suffering from internal corrosion, based 
only on data that is routinely collected as part of the operation of the water distribution 
system. In addition, such information may be of use when examining poorly performing 
areas of the network, to enable the identification or elimination of corrosion as a likely cause.
13.1.5.2. External corrosion 
The methodology applied for internal corrosion was repeated to determine the relationship 
between external corrosion, in terms of maximum external pit depth and the causal and 
indicative factors listed in Tables 54 and 55. As with the results identified for internal 
corrosion, improved relationships were identified when compared to the results for 
individual materials, in terms of their significance and their coefficients of determination.
The analysis of individual factors that are related to the external condition of the main 
identified numerous significant relationships. The results of this analysis are presented in 
Tables 92 and 93. A total of ten factors were found to be significantly related to external 
pipeline corrosion. Of these ten, eight were related to the performance of the main, and two 
were related to the pipe’s environment. Of the significant factors, the relationship between 
external corrosion and material revealed the best relationship, which was significant to the 
99% level, having a coefficient of determination of 0.2430. Additionally, pipe age also had
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a high significance and coefficient of determination, accounting for approximately 18% of 
the variation in condition. Both the results for material and age showed that older mains are 
in worse condition. Other significant relationships were related to the burst density, though 
all had a relatively low coefficient of determination accounting for less that 10% of the 
variation in condition. All results for the relationship between pipe condition and burst 
density showed that the incidence of burst is higher in areas where mains are in poor 
condition. This result is of great significance for both Thames Water and OFWAT. This 
implies that the number of bursts in an area could be used as a general indicator of water 
main condition. Maintenance that targets high burst rate areas will also target poor condition 
areas, therefore improving both the condition, and the performance, of mains. This also 
provides a link between the condition and performance of a main, where an improvement in 
the condition of a main, through rehabilitation or replacement, may also result in 
improvements in performance. Comparison of the results relating burst to internal condition 
and external revealed a stronger relationship between external condition and propensity to 
burst.
The results of the analysis presented in Tables 92 and 93 can be used to explain general 
trends within the data sets investigated. These results will form the basis for the
development of a predictive equation for external condition when additional factors are 
considered. The investigation of combinations of these factors related to the external 
condition will of the main is used to develop the predictive equation, as described in Section
3.1.5.1.
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Table 92. Results of regression analysis for indicators of external water main condition (all
irons)
Factor P T Significant?
Material 0.2430 0.0000 Yes
Age 0.1787 0.0000 8.9227 Yes
Burst band 0.0985 0 0000 -6.3227 Yes
100m burst 0.0812 0.0000 5.6864 Yes
50m burst 0.0529 0.0000 4.5197 Yes
Burst street 0.0409 0.0001 3 9459 Yes
Log distance 0.0266 0.0017 -3.1597 Yes
Burst distance 0.0193 0.0077 -2.6812 Yes
Leak band 0.0011 0.5300 0.6286 No
Leak distance 0.0004 0 7357 -0.3379 No
Diameter 0.0001 0.8237 -0.2229 No
Table 93. Results of regression analysis for assumed factors causing deterioration of 
external water main condition (all irons)
Factor R^ P T Significant?
Corrosivity 0.0853 0.0000 5.1281 Yes
Fracture 0.0554 0.0001 4.0683 Yes
The extension of the analysis to consider pairs of combinations of the individual factors 
identified in Tables 92 and 93 was carried out as described in Section 13.1.5.1. The results 
of the investigation into the improvements gained from using combinations of factors are 
presented in Tables 94 and 95. The extension of the analysis to multiple factors resulted in 
increases in the coefficient of multiple determination. The combination of material type and 
factors related to the burst density, age, and soil corrosivity and fracture potential all resulted 
in improvements within the significance and the coefficient of determination. The 
significant additive combinations identified from this analysis are presented in Table 94 and 
95. A total of 18 two-factor combinations were identified. The most significant relationship 
identified was that between maximum external pit depth and the combination of soil 
corrosivity and material. This relationship was significant to the 95% level and had a 
coefficient of determination of 0.3394. All possible combinations of multiple factors were 
then considered in a stepwise manner. Further improvements in both the significance and
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coefficient of determination were identified. The optimum combination that was identified 
relates external pipe condition to four factors:
• Pipe age
• Soil corrosivity
• Burst band
• Distance to the nearest burst.
This result accounts for 34% of the variation in condition and is significant to the 95% level.
Table 94. Results of multiple regression analysis (2 factor, additive) for indicators of 
external water main condition (all irons)
Combination Factor P T
Material + age 0.2597 Cast iron 0.0000 18.7865
Spun gre\ iron 0.0084 -2.7547
Ductile iron 0.0000 -9.7789
Age 0.0044 2.9865
Material + 50m burst 0.262 Cast iron 0.0000 19.0763
Spun grey iron 0.0032 0.0032
Ductile non 0.0000 0.0000
50m burst 0.0024 0.0024
Material + 100m burst 0.2717 Cast iron 0.0000 16.8299
Spun grey iron 0.0089 -2.6296
Ductile non 0.0000 -9.4840
100m burst 0.0002 3.7858
Material + burst band 0.2688 Cast iron 0.0000 18.5630
Spun gie\ iron 0.0074 -2.6932
Ductile iron 0.0000 -9.0021
Burst band 0.0004 3.5787
Material + burst street 0.2610 Cast iron 0.0000 19.3135
Spun grc\ iron 0.0006 -3.4504
Ductile non 0.0000 -10.2944
Burst street 0.0040 2.8936
Age + 50m burst 0.2053 Age 0.0000 8.3686
50m burst 0.0005 3.5005
Age + 100m burst 0.2196 Age 0.0000 8.0457
100m burst 0.0000 4.3748
Age + burst band 0.2211 Age 0.0000 7.5808
Burst band 0.0000 -4.4597
Age + burst street 0.2069 Age 0.0000 8.7270
Burst street 0.0004 3.5481
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50m burst + burst street 0.0784 50m burst 0.0001 3.8494
Burst street 0.0022 3.0809
100m burst + burst band 0.1093 100m burst 0.0362 2.1024
Burst band 0.0008 -3.3922
100m burst + burst street 0.1062 100m burst 0.0000 5.0014
Burst street 0.0062 2.7527
Burst distance + burst 
street
0.0517 Burst distance 0.0426 -2.0346
Burst street 0.0005 3.5277
Burst band + burst street 0.1144 Burst band 
Burst street
0.0000
%0184
-5.4975
2.3676
Log distance + burst street 0.0518 Log distance 0.0418 -2.0431
Burst street 0.0021 3.0976
Leak distance + leak band 0.0319 Leak distance 0.0043 -0.1291
Leak band 0.0032 2.6938
Table 95. Results of multiple regression analysis (2 factor, additive) for assumed factors 
causing deterioration of external water main condition (all irons)
Combination Factor F T
Material + corrosivity 0.3394 Cast iron 0.0000 8.6460
Spun gre\ iron 0.0017 -3.1732
Ductile iron o.ooôo -10.2358
Corrosivity 0.0000 4.3768
Material + fracture 0.3155 Cast iron 0.0000 12.6647
Spun grey iron 0.00 f 2 -3.2696
Ductile iron 0.0000 -10.1824
Fracture 0.0034 2.9510
Extending the analysis to the final stage of investigating the presence of any interactions 
between factors highlighted numerous interactions. These involved the interactions between 
the age of the main and the soil characteristics of corrosivity and fracture potential, and also 
the material and the burst density. The significant results identified between interactions are 
presented in Table 96 and 97. The optimum two factor interaction that was identified 
involved soil corrosivity and pipe age.
The result of the two factor interaction of corrosivity and age was used as the basis for 
consideration of three-way interactions. Additional factors were added in a stepwise manner 
which resulted in the identification of a significant three way interaction which improved 
upon the two-way interaction identified between age and soil corrosivity. This was the
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interaction between material, soil corrosivity and age, which was significant to the 95% level 
and accounted for 36% of the variation in condition. The relationships identified in Tables 
92 to 97 can be used to develop a regression equation for the prediction of maximum 
external pit depth. This is achieved using various combinations of the results in Tables 92 to 
97, in order to produce the optimum relationship in terms of significance and coefficients of 
multiple determination.
Table 96. Results of multiple regression analysis (2 factor, multiplicative) for indicators of 
external water main condition (all irons)
Product Coefficient P T
Material * age 0.2612 Cast iron * age 0.0000 5.6264
Spun grey iron * 
age
0.0301 2.1773
Ductile iron * age 0.0032 -2.9659
Age * log distance 0.1287 0.0000 7.3541
Age * 100m burst 0.1052 0.0000 6.5587
Age * burst street 0.0790 0.0000 5.5960
100m burst * burst band 0.0740 0.0000 5.4220
Burst band * log distance 0.0709 0.0000 -5.2841
Age * leak band 0.0706 0.0000 5.2742
Age * 50m burst 0.0615 0.0000 4.8999
100m burst * diameter 0.0560 0.0000 4.6577
Burst band * diameter 0.0535 0.0000 -4.5494
100m burst * burst street 0.0529 0.0000 4.5137
Age * leak distance 0.0515 0.0001 3.8551
50m burst * burst street 0.0514 0.0000 4.4476
Burst band * leak distance 0.0503 0.0002 -3.8147
Age * diameter 0.0480 0.0000 4.2963
100m burst * leak band 0.0472 0.0000 4.2567
50m burst * log distance 0.0431 0.0001 4.0577
Leak band * burst street 0.0425 0.0001 4.0263
50m burst * 100m burst 0.0416 0.0001 3.9832
Log distance * burst street 0.0392 0.0001 3.8586
Distance to burst * 
diameter
0.0375 0.0002 -3.7768
50m burst * leak band 0.0325 0.0005 3.5074
Leak distance * burst 
street
0.0272 0.0060 2.7679
100m burst * leak distance 0.0246 0.0090 2.6299
50m burst * diameter 0.0239 0.0030 2.9904
Burst band * leak band 0.0207 0.0057 -2.7781
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50m burst * burst band 0.0194 0.0075 2.6890
Burst distance * burst 
band
0.0189 0.0083 -2.6555
50m burst * burst distance 0.0160 0.0360 2.1074
Burst distance * log 
distance
0.0118 0.0374 -2.0889
Age * burst band 0.0110 0.0442 2.0189
Table 97. Results of multiple regression analysis (2 factor, multiplicative) for assumed 
factors causing deterioration of external water main condition (all irons)
Product Coefficient P T
Material * fracture 0.2884 Cast iron * fracture 0.0000 7.7073
Spun grey iron * 
fracture
0.0231 2.2847
Ductile iron * 
fracture
0.0006 -3.4926
Age * corrosivity 0.2693 0.0000 10.1957
Age * fracture 0.2193 0.0000 8.9011
Corrosivity * fracture 0.0704 0.0000 4.6221
Fracture * diameter 0.0138 0.0483 1.9832
The optimum relationship which could be produced from the data available is given in 
Equation 13. This equation is significant to the 90% level and has a coefficient of multiple 
determination of 0.3901, and therefore accounts for 39% of the variation in external pit depth. 
The factors that are included in the final equation are:
• Soil corrosivity
• Burst band
• Age
• Distance to nearest burst
• Material
The reasons for this result are discussed in Section 13.2. The development of a predictive 
tool that accounts for less than 40% of the variation in pipeline condition, is still a significant 
step. The development of a predictive tool with a high R“ value is an unrealistic goal, given 
the nature of both the data being used and the process which is being modelled. An R“ value
220
of 1 (100%) would allow prediction of exact pit depth in all cases. The model developed is 
not capable of predicting exact pit depth, but will give an estimate of degree of corrosion, 
which in this case is within 1mm of the true value in over 50% of cases (Table 98).
PDe = 1.6807+ M x -0.1970 BB +0.1469 C +0.0016 A + 0.0010 BD + R
- Equation 13
Where PDe = Maximum external pit depth
BB = Burst band
C = Soil Corrosivity
A = Age
BD =Distance to nearest burst
And Mx is variable according to material
Mci = Cast iron = 0
Msgi = Spun grey iron = 0.1215
Mdi = Ductile iron = -0.3641
And Ix = material *soil corrosivity * age
Ic, = 0.004 Y 
Isgi = -0.0001 Y 
Idi = - 0.0002 Y
Where Y = soil corrosivity * age
Equation 13 has the associated coefficients listed in Table 98.
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Table 98. Coefficients resulting from the multiple regression analysis, resulting in Equation
13.
Factor Value Std. Error T value P
(Intercept) 0.4841 3.4722 0.0006
Spun iron 0.1215 0 1999 0.6075 0.5440
Ductile iron -0.3641 0 1499 -2.4296 0.0158
Burst band -0.1970 0.0681 -2.8915 0.0041
Soil corrosivity 0.1469 0.1720 0.8540 0.3938
Age 0.0016 0.0080 0.1994 0.8421
Distance to burst 0.0010 0.0005 1.9522 0.0519
CI*corrosivity*age 0.0040 0.0026 1.5678 0.1181
SGI*Corrosivity*age -0.0001 0.0030 -11.0332 0.9735
DI* corrosovity *age -0.0002 0.0080 -0.0258 0.9794
Table 99. Distribution of residual errors resulting from Equation 13
Residual
Minimum -2.699
1st quartile -1.006
Median -0.290
3rd quartile 1.018
Maximum 4.123
13.2. DISCUSSION
This study investigated the relationship between the condition, environment and 
performance of a main using regression based techniques. The analysis of the degree of 
corrosion on a water main has resulted in the development of two equations for the 
prediction of internal and external condition. The factors found to be significantly related 
to condition and the development and potential application of these results are discussed in 
Sections 13.2.1 to 13.2.3.
The study of the relationship between pipe condition, environment and performance was 
carried out in two distinct sections which involved the consideration of individual material 
and the consideration of all materials together. Similar results were achieved within each
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section of the study in terms of the factors found to be significantly related to the condition 
of the main, though for individual materials the coefficient of determination and the 
significance of the results achieved were lower for individual materials. The improved 
results for the combination of materials may be due the larger data set and a greater range of 
parameters was available within the larger data set. The results suggest that the three 
material types of cast iron, spun iron and ductile iron are behaving in a similar manner and 
can be considered as one material.
13.2.1. Internal condition
The equation developed for the prediction of internal condition (Equation 12) is capable of 
predicting the depth of corrosion on a main to within an error of ±0.78mm mm in over 50% 
of cases. The prediction of condition is not exact due to a number of reasons. The internal 
condition of a pipe is dependent on a wide range of parameters related to the characteristics 
of the main and the chemical and physical characteristics of the water being conveyed within 
the system. The statistical analysis carried out here considers a limited number of 
parameters on which a water utility routinely collects data. It is therefore un-realistic to 
suggest that an exact prediction of depth of corrosion (prediction of true pit depth in 100% of 
cases) would be possible from the use of sampled data in an uncontrolled environment. It is 
unlikely that the analysis of such data would result in the development of a predictive tool 
which had a coefficient of determination above 0.5 (50%). The development of a predictive 
tool with a coefficient of determination representing approximately 40% can therefore be 
considered to be relatively successful.
The internal environment within the pipeline will have changed since installation due to 
changes in the characteristics of water. Changes in water characteristics may be due to 
changes in source, or changes in regulatory requirements regarding the quality of the water. 
Corrosion within water mains is known to occur at a faster rate during the years immediately 
following installation (Dorn et al ,  1996). The characteristics of the water that have affected 
the internal condition of the main to the greatest extent may not now be present. This may 
explain the relationship between the internal environmental characteristics and the condition 
of the main, which does not have a high coefficient of determination. Though the 
characteristics of the water within the system will be affecting the condition of the main 
today, the corrosion rate will be slow, and the observed physical condition of the pipe may
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reflect past operating conditions. Improved prediction of condition may there be achieved 
through the use of further performance indicators, which are related to a deterioration in 
internal pipeline condition. The results obtained for spun grey iron are significant better in 
terms of coefficient of determination and significance than those for cast iron. This could be 
attributed to the age of the main, and the changes that will have occurred over the lifetime of 
the pipe. Cast iron mains will have been exposed to the internal environment for a longer 
period of time, and are likely to have seen more changes over the lifetime of the pipe. The 
change in the internal environment for newer mains may therefore not be as evident as for 
older mains. Also for newer mains, where the corrosion rates are not as low as for the older 
cast iron mains, the effect of the environment will be greater. Interestingly, temperature was 
shown to be a significant factor. Where the supply arrangements into an area of the network 
have not changed, the annual temperature fluctuations will have been similar throughout the 
life of the pipe. In particular, mains having a high maximum average temperature and a low 
minimum average temperature were highlighted as being in generally worse condition. In 
this case, pipes would have been fed from surface water. This may indicate that it is the 
effect of the temperature regime that is affecting the corrosion rate of the main, or it could be 
that other characteristics of the surface water, that have not been investigated, are affecting 
condition. The other significant parameters are the pH of the water, where more acidic water 
results in poor corrosion. This result was expected as there is ample evidence in the 
literature to show that metallic dissolution increases with a reduction in pH.
Internal corrosion will result in the development of tuberculation which can lead to water 
quality problems. The significant relationship identified between the degree of internal 
corrosion and the number of water quality complaints suggests that there is a link. The 
degree of internal corrosion increases with decreasing distance to a water quality complaint. 
The relationship between corrosion and water quality could be due to the effects of 
tuberculation which is associated with the corrosion of ferrous mains, where the build up of 
tuberculation results in increased turbidity, and taste and odour problems. This is supported 
by the result for the relationship between tuberculation and water quality complaints which 
suggest that higher degrees of tuberculation are associated with high levels of water quality 
complaint.
An increase in tuberculation is associated with an increased incidence of bursts. The 
incidence of bursts will be related to a combination of the structural strength of the main and
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the stress environment which is acting on the pipe. It is therefore expected that the degree of 
corrosion is significantly related to the incidence of bursts. Poor water main condition is 
also associated with an increase in the number of leak complaints reported. These results 
therefore suggest that the condition of a main is related to its performance and that indeed 
poor condition mains perform worse than good condition mains.
Some confusing results have been identified, such at that for the relationship between water 
quality complaints and leak complaints and good condition mains. In the case of water 
quality complaints, the problem causing the complaint may be transported around the system 
and the source of the problem may be some distance from the corrosion or tuberculation. 
For leak complaints, a leak may not be related to the condition of the main, but problems 
with joints or ferrules. The size and quality of the data set will also affect the results, and all 
relationships identified here must be combined with knowledge of the deterioration of the 
system and likely effects.
13.2.2. External condition
The external condition of a water main will be related to the environment which surrounds 
the pipe. This will include the chemical and physical characteristics of the main and also the 
effects of above ground influences such as the presence of sources of stray current and the 
effects of the weather such as extreme heat or frost and rainfall. This investigation 
considered only the soil related parameters as it is this area on which Thames Water held 
data. The consideration of other factors would involve data collection, and are therefore 
outside of the scope of this research project. Due to the consideration of only soil based 
factors, the expectation that an exact prediction of condition would be possible is unrealistic. 
The development of a predictive equation accounting for nearly 40% of the variation in 
condition, from environmental factors relating only to soil type is therefore significant, and 
exceeds those results obtained by Oliphant (1997). The purpose of this investigation was to 
determine whether it is possible to estimate the degree of corrosion on a main without the 
need to excavate. This study has shown that prediction of an approximated depth of 
corrosion on a main is possible using information that is available
The study of the relationship between pipe condition and environment showed that the 
condition of a main is related to the soil corrosivity and fracture potential, where the
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condition of the main is generally worse in areas of high corrosivity and high fracture 
potential. This suggests that the soil corrosivity and fracture potential maps do represent the 
soil condition to the extent that they are useful within water main condition assessment. The 
comparison between soil samples and soil maps (Chapter 11) suggested that there was no 
direct relationship between the two data sets. This result therefore confirms that the reason 
for a lack of correlation between soil maps and soil samples is likely to be due to the fact that 
the soil maps represent the macro-soil environment and the soil samples represent the micro­
soil environment adjacent to the pipe. Where the soil maps represent the general soil 
environment, the soil samples will represent the soil condition within a small area of a highly 
variable environment.
The external condition of the main is related to the propensity of the main to burst and leak. 
Poor condition mains are associated with an increase in burst and leaks. This shows that the 
condition of the main affects the performance of the system. The relationship between 
condition and bursts may be of use within the assessment of variability. Though these 
relationships were statistically significant, the coefficients of determination were low and 
bursts alone could not be used to estimate the condition. This is considered to be due to the 
relationship between condition, bursts and the stress environment. Where the condition of a 
main will affect it propensity to burst, the stress environment will also be a factor. Mains in 
poor condition can operate without failure if the stresses acting on the pipe are not 
significant, relative to its capacity to withstand those stresses. Conversely, mains in good 
condition can fail if exposed to significant stress. The prediction of condition must therefore 
consider the soil environment, the pipe performance and if possible the stress environment to 
which the main is exposed. Exposure to stress is not considered within the investigation as 
data is not available with Thames Water.
13.2.3. Applications
The successful development of equations for the prediction of condition will be of use within 
network management. Although the exact condition cannot be predicted, a general 
indication of the extent of the deterioration of both the internal and external condition of a 
main can be estimated from the use of information relating to performance and environment. 
Such equations could form the basis of a network management system, and implemented 
within a geographical framework.
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In addition, other conclusions which can be drawn from these results identified here are also 
significant. The degree of internal and external corrosion within a main has been shown to 
be significantly, positively, related to an increase in pipe burst rate. Obtaining a measure of 
condition is therefore of importance within both targeting maintenance for improvements in 
performance, and regulatory reporting to OFWAT. The prediction of deterioration of 
condition into the future could therefore also be linked to an increase in burst rate. Also of 
interest within planning of maintenance is that the burst rate was found to be significantly 
more related to external condition than internal condition. Targeting of main for renewal to 
reduce failures would therefore be more effective at reducing burst rate if that targeting was 
based on an external condition assessment than an internal condition assessment. The 
application of the outcome of this investigation is discussed further in Chapter 14.
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14. DISCUSSION
The objectives of this Chapter are to discuss the results of the research project and the impact 
of these results on the water industry. The focus of the research project is the assessment of 
potential problems with the current methods of condition assessment that are used today, and 
investigate the development of alternative methods of assessing the condition of buried 
ferrous water distribution mains.
The regulation of the water industry in England and Wales requires that a utility be aware of 
the current condition and the state of deterioration of their assets. In order to achieve this, 
condition assessment procedures are widely applied to water mains to determine current 
condition, and assess the need for future maintenance. The methods applied to large 
diameter and small diameter mains vary due to the strategic importance associated with a 
main, and the consequences of failure. Larger diameter mains which perform a more 
strategic role can cause severe disruption and damage if they fail in service. This justifies 
the use of technically, and financially, more demanding assessment of condition. Condition 
assessment of large diameter mains is achieved through the use of both sampling and non­
destructive techniques. For smaller diameter mains, where consequence of failure are 
localised and so significantly reduced, typical condition assessment procedures involve 
destructive testing through sampling based methods for the prediction of remaining life.
It is now well established that the condition of a main has an effect on its performance and 
therefore the level of service that customers receive. Managing the serviceability and 
ensuring that the level of service received by customers does not deteriorate therefore relies 
on accurate knowledge of the condition of the mains within the network. The accuracy and 
reliability of a condition assessment technique is of great importance in the management of a 
water distribution network. The problems highlighted with respect to traditional condition 
assessment techniques cast doubt upon the accuracy, and perhaps more importantly, the 
comparability of such techniques (Chapters 6 and 7). Remaining life prediction via 
destructive testing is used for maintenance planning activities. The technique does not aim 
to assign a precise measure of remaining service life to a pipe or a network of pipes, but 
instead is used to highlight potential problems within the distribution system, and prioritise
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areas which may be in need of replacement in the future. Inaccuracies in terms of remaining 
life predictions are an issue within this technique, as are the assumptions used within the 
technique to both assess current condition and predict remaining life. This research has 
shown that the use of two different contractors for condition assessment will produce 
different results (Chapter 7). This difference is due to the assumptions made within each 
methodology regarding the failure point of the pipe, and also the measurement technique for 
depth of corrosion. The accuracy of these techniques was considered in terms of the 
predicted remaining life which resulted from each methodology. Of particular importance 
here is the difference that will occur in the prioritisation of mains for replacement depending 
on which technique is used, and therefore between water utilities who use different 
contractors for condition assessment. The problems within the techniques result in 
unrealistic estimates of the time to likely failure. Factors such as the loading environment 
which will ultimately affect the pipe failure are not considered as part of the failure criteria. 
This general methodology therefore assumes that all above-ground environmental conditions 
are similar, and it is the condition of the main that will determine failure. Consideration is 
not given to factors such as road type, traffic loading and depth. Prediction of remaining life 
cannot be considered realistic unless such factors are taken into account, rather than using a 
‘one size fit all’ approach.
The current method of assessing remaining life of a pipe is popular due to the simplicity and 
cost of the technique. The potential for any alternative technique to replace remaining life 
prediction as the (unofficial) ‘standard’ method of condition assessment will need to be 
comparable in terms of financial outlay and ease of application. The development of 
theoretical models for the prediction of remaining pipeline life, though useful in improving 
the understanding of pipe condition and failure, are unusable due to the large quantities and 
types of data that are required to populate the mathematical models upon which they are 
based. Improving the accuracy of condition assessment techniques that will be useful to the 
water industry as a whole is therefore a difficult task. Where theoretical modelling may 
provide the optimum method for assessing pipe condition, such techniques are not practical. 
Water utilities require a method of condition assessment for small diameter mains that is 
cheap, easy, accurate and robust. This technique should therefore ideally involve the use of 
data that is routinely collected, or the use of limited data that could be collected with ease, 
using existing data gathering procedures.
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The potential for the use of a statistical based system for condition assessment was 
investigated within this research project. The needs of the industry were considered in 
conjunction with published information regarding the causes of deterioration of ferrous 
water mains and the results of that deterioration. The decision to use the multiple regression 
analysis methodology was based on the needs of a water utihty in terms of the output from a 
condition analysis technique and the data that is both routinely collected as part of the 
operation of the distribution system and the aspects of the environment and performance that 
may be related to the condition of a main.
Regression analysis was used to investigate three general relationships. Firstly, the 
relationship between the soil corrosivity and fracture potential maps as developed by 
Cranfield University (Jarvis et al., 1997) and soil samples that had been collected from 
around the network. This investigation showed that there is no statistical relationship 
between the soil fracture potential and corrosivity maps, and the characteristics of the soil 
which they represent. It is proposed that the reasons for this are three-fold. Firstly, that the 
soil maps give a general indication of the corrosivity of soil, rather than a detailed evaluation. 
Thus, soil maps cannot take into account small changes in the corrosivity of the soil due to 
variability in the soil structure and chemistry, but may give an overall indication of the 
corrosivity of the soil. Secondly, the soil maps represent the underlying soil type. It may 
therefore be the case that the maps do not represent the soil that surrounds the main and 
better results, in terms of predicting condition, may be achieved from sampling the back-fill 
material that surrounds the pipe. If this is the case, the use of soil maps for assessments of 
pipe condition may be inappropriate and misleading. Finally, the total number of soil 
samples used within this section of the analysis may be too small for the identification of 
significant trends. Further quantification of the accuracy of the soil maps in estimating soil 
corrosivity and fracture potential can be gained from the results of the investigation into the 
relationship between condition and soil type. The results of the investigation into the 
relationship between pipe condition and the environment revealed a significant relationship 
between external pipe condition and soil corrosivity. This suggests that there is a link 
between soil maps and soil chemistry, as it is likely that the soil chemistry will have a strong 
influence on the external deterioration of buried pipes.
The growth of tuberculation within water distribution systems and the related factors were 
investigated using regression analysis. This resulted in the identification of a number of
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factors that are related to the growth of tuberculation within ferrous water mains, and also 
the development of an equation for the prediction of tuberculation. The equation developed 
for the prediction of tuberculation is given in Equation 11, and is as follows:
TC = 12.8617 + Mx - 0.4037 T i^n -  1.0393P + Y - Equation 11
Where M% = Material, 
and Mci = 0
Msgi = 9.4996 
Mdi = 6.4763
TC = Tuberculation code
Tmin = Minimum temperature
P = Average pH
Y = Material*average pH*Ca
and Mci = 0.0005 A
Msgi — -0.0107 A
Md. = -0.0075 A
where A = Average pH*Calcuim
The equation is significant to the 95% level and accounts for 58% of the variation in the 
degree of tuberculation. The equation is capable of predicting the extent of tuberculation in 
a water main to within an error of 0.76 of a tuberculation code band width, using data that is 
routinely collected as part of the operation of the distribution system. The development of a 
predictive equation such as this is a significant step within the management of the 
distribution systems. Traditional methods of assessing the degree of tuberculation with an 
area of the distribution system will involve the use of either pipe-cut-outs, or intrusive 
techniques such as CCTV. In comparison to the use of a predictive tool, such techniques are 
expensive, and involve shutting down an area of the distribution system. The 
implementation of a system such as this could result in the reduced need for the application 
of such techniques, and so could be associated with both financial and environmental savings.
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Tuberculation growth within water mains is related to the incidence of water quality 
complaints, and therefore affects the levels of service provided to the customer. The degree 
of tuberculation within a water main is also part of the annual performance grading system 
upon which water utilities are required, by OFWAT, to report on an annual basis. The 
ability to predict the level of tuberculation without the need for excavation, from data 
collected as part of the routine operation of the distribution system, is therefore of 
significance within the water industry. The implementation of such a model could enable 
the assignment of tuberculation codes to mains, but could also enable the identification of 
sections of the mains which may cause problems in the future.
The implementation of a tuberculation prediction system is beneficial to the water industry 
both environmentally and economically. The reduced need for excavation could bring 
environmental and financial benefits to a water utility. Specifically, the prediction of the 
extent of tuberculation within individual mains could lead to a reduced need to excavate for 
exploratory purposes. Reduced excavation could lead to financial savings, and also could 
reduce the environmental impact of water main rehabilitation in terms of traffic disruption, 
and associated pollution. The ability to predict the level of tuberculation within individual 
mains could also aid the pin-pointing of maintenance to reduce pressure problems within a 
local pipe network. High levels of tuberculation within a distribution system will result in 
head loss. Pinpointing of individual mains for cleaning is difficult under current monitoring 
systems, requiring the installation of pressure loggers across the distribution system. Where 
the use of pressure loggers to monitor the system may enable the area which may be the 
cause of pressure problems to be highlighted, the implementation of a tuberculation 
prediction model could enable individual mains that are at the most risk of problems to be 
identified. This could therefore enable more direct targeting of maintenance options to 
improve water quality problems.
An increased understanding of the factors that are related to the growth of tuberculation 
within the system will also improve the knowledge of the characteristics of the water that are 
related to its growth. This could help water utilities to understand how the level of 
tuberculation within the system could be reduced. Significantly, the growth of tuberculation 
is greater in mains fed from surface water than ground water (Chapter 12). The trend toward 
the use of ground water sources in water supply, particularly in London could therefore 
result in a reduction in the growth of tuberculation and a subsequent reduction in the number
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of customer complaints. Such knowledge will enhance the ability of the water utility to plan 
into the future with regard to maintenance and maintaining serviceability to customers.
The investigation into the prediction of the degree of corrosion within the water distribution 
system was also successful. A number of factors that are related to the deterioration in 
condition were identified and equations for the prediction of internal and external condition 
were developed. The development of such equations is of significance within the water 
industry, as it will improve understanding of the condition of the water distribution system. 
The equations developed were given in Equations 9 and 10, and are as follows:
PD, = -3.3332 +M^ + 0.1181W + 0.0847 B -k 0.3624 Tave + 0.0012 A -Equation 12
Where PDi = Maximum internal pit depth
W = water quality band
B = burst street
Tave = Average temperature (°C)
A = Age* 100m burst band
And Mx is variable according to material type
Mci = Cast iron = 0
Msgi = Spun grey iron = -0.5407
Mdi = Ductile iron =-0.3521
The prediction of internal condition, using Equation 12, will enable prediction of maximum 
internal pit depth to a maximum error of 0.78mm in over 50% of cases. The equation is 
significant to the 95% level and accounts for 39% of the variation in internal pipeline 
condition.
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PDe= 1.6807+ M x -0.1970 BB +0.1469 C +0.0016 A + 0.0010 BD + R
- Equation 13
Where PDe = Maximum external pit depth 
BB = Burst band
C = Soil Corrosivity
A = Age
BD = Distance to nearest burst
And Mx is variable according to material
Mci = Cast iron = 0
Msgi = Spun grey iron = 0.1215
Mdi = Ductile iron = -0.3641
And Ix = material *soil corrosivity * age 
Ici = 0.004 Y 
Isgi = -0.0001 Y
ldi -  “ 0.0002 Y
Where Y = soil corrosivity * age
The use of Equation 13 in the prediction of external condition results in an error of 1mm in 
over 50% of cases. The equation is significant to the 90% level and represents 39% of the 
variation in pipeline condition.
The accuracy of these equations is significantly lower than the use of traditional condition 
assessment techniques. This is because the use of traditional techniques involves excavation, 
shot-blasting, and direct measurement, to obtain corrosion depth. The use of predictive 
estimation of pipeline condition, as an alternative to the shot-blasting based techniques, 
could be appropriate when exact measurement is not required. The use of a predictive tool 
for the assessment of pipeline condition is of more use when assessing a larger area. Where 
traditional methods will provide a precise measure of corrosion depth on a short length of 
main, a predictive tool would provide an estimate of pipeline condition over a larger area. 
The use of such a tool, which does not require large quantities of data collection to
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implement, could therefore be associated with significant financial and environmental 
benefits.
Knowledge of existing condition and, by extrapolation, an indication of hkely remaining 
service life of a main are reported annually to OFWAT as part of the performance grade 
within the June Returns. The ability to predict the overall condition of a pipe network 
without any unnecessary extra excavation could therefore carry with it similar environmental 
and economic benefits to those associated with the prediction of tuberculation, namely the 
reduced need to excavate mains for inspection and assessment. The ability to predict 
condition without excavation will be a useful tool within maintenance planning. Knowledge 
of condition would enable decisions to be made regarding the benefits of rehabilitation 
alternatives without excavation. Clearly, understanding the existing condition of a main will 
affect the choice of rehabilitation options, knowledge of condition can also affect the 
management of the system. Prior knowledge of condition would enable the impact of 
network management activities such as pressure management via the use of PMV (pressure 
management valves). Increased accuracy in planning for the future could also be achieved. 
For example, the effect of different maintenance options, or no maintenance could be 
assessed in terms of planning for the future with respect to worsening condition, 
performance, and the ability to meet increasing customer demand. The implementation of a 
condition prediction model could enable mains to be prioritised according to those which are 
deemed most likely to fail first, based on condition and also other environmental and 
operation characteristics which are likely to affect failure.
The understanding of the relationship between condition and performance could also be 
achieved if an estimate of pipe condition were known. The performance of a main is related 
to a combination of the condition, and the internal and external stresses that the main will 
experience. An understanding of likely condition, combined with knowledge of 
performance, therefore leaves the stress environment as the only significant unknown 
quantity. In principle, this enables the relationship between condition, performance and the 
stress environment to be studied.
The application of condition and tuberculation prediction models within the water industry 
will improve knowledge and understanding of the condition and performance of a water 
distribution network. The development of a network management system which
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incorporates such methods would allow routine predictions of condition and tuberculation to 
be carried out and the implication of network management and maintenance options 
explored. The incorporation of such data based systems which would rely wholly on 
information that is routinely collected as part of the daily operation of the system will 
provide a useful low cost tool in the management of the system. Improvements in the 
accuracy of the condition and tuberculation prediction tools may be achieved through 
collection of further data sets. These may include more accurate pipe age data, or data 
relating to the chemical and physical characteristics of the soil. Though this would increase 
the cost of implementing such a model, the benefits which may be achieved could be 
significant, with improved accuracy to which prediction of pit depth is possible. The results 
achieved here, using low resolution soil and age data suggests that the use of higher quality 
data may result in significant improvements in prediction capabilities. Investment in data 
may therefore be justifiable, given the hkely increase in quality of the prediction which may 
result. The implementation of such a system could not only provide a mechanism of 
capturing data related to the management and performance of the system, but could also 
enable the routine assessment of condition without excavation. With the increasingly 
stringent regulatory environment, and the requirement to capture more information regarding 
the performance and level of service associated with the distribution system, the 
development of a network management system could enable regulatory reporting 
requirements to be met with greater ease and reduced expense.
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15. CONCLUSIONS AND RECOMMENDATIONS
This Chapter describes the project findings and the contributions to knowledge that have 
been made by the author within this research. Also outlined are the suggested areas of future 
research that would complement this work and aid in the development of a greater 
understanding of the management of water distribution networks.
15.1. INTRODUCTION
The research project detailed within this thesis focuses on improvements in condition 
assessment techniques that are available for use of small diameter distribution mains. The 
research has shown that the accuracy of current methods of condition assessment which are 
variable and are highly sensitive to assumption made and accuracy of data. On the basis of 
these findings, an alternative methodology for predicting the condition and degree of 
tuberculation within a distribution system are proposed. These systems are statistical based 
techniques that utilise data that is routinely collected as part of the operation of the 
distribution network, or are owned by Thames Water Utilities.
15.2. DESTRUCTIVE TESTING
The current methods of condition assessment used within the UK water industry for small 
diameter mains involve the measurement of corrosion pits and wall thickness together with 
an estimation of pipe age to predict life.
Problems exist with current destructive testing based condition assessment techniques that 
result in both inaccurate results and results that are unrepresentative of network condition. 
These problems are that;
5. The failure mechanism assumed within the methodology is by pressure. The pipe 
wall is assumed to be graphitised to the extent that it can no longer supply water at a 
give pressure. This is inaccurate, and failure will occur through a combination of
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both the condition of the pipe and stresses acting on the pipe, which may be internal 
or external in origin.
6. The equations (WRc and WA, Equations 1 and 2) used in the prediction of remaining 
life are sensitive to data accuracy, particularly pipe age. As the majority of pipe age 
data within the UK water industry originates from assumptions, the likely 
inaccuracies will cause significant errors in the remaining life prediction, affecting 
the usefulness of the technique.
7. The method assumes that the variability in condition is minimal along a street and 
that the excavation of a small section of main is representative of the entire street. 
This is not necessarily correct as the variation in pipe condition along a street has 
been shown to be significant in some cases.
8. Differences exist between the methodologies applied by different contractors which 
result in the anomalies between remaining life prediction for the nominally same pipe.
15.3. PREDICTING TUBERCULATION
Multiple regression analysis can be used to identify the factors that are related to the growth 
of tuberculation within the distribution system. The degree of tuberculation within the 
distribution system was found to be related to the characteristics of both the mains and the 
water within the system, and in particular:
i) Pipe material
ii) The temperature of the water within the system, which may be related
to the source of the water
iii) Water pH
iv) The incidents of bursts
v) Water quality complaints
vi) Leak complaints
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Accurate prediction of the degree of tuberculation within a water main using data that is 
routinely collected as part of water utility operations was found to be possible using multiple 
regression analysis. The equation developed for the prediction of the degree of pipeline 
tuberculation is given in Equation 11, and is as follows: This is a significant finding that is of 
considerable importance to the water industry.
TC = 12.8617 + Mx - 0.4037 Tmm -  1.0393P + Y - Equation 11
Where Mx = Material, 
and Mci = 0
Msgi = 9.4996 
Mdi = 6.4763
TC = Tuberculation code
Tmin = Minimum temperature
P = Average pH
Y = Material*average pH*Ca 
and Mci = 0.0005 A
Msgi = -0.0107 A 
Md: = -0.0075 A
where A = Average pH*Calcuim
This equation has a coefficient of determination of 0.58 (58%), and allows prediction of the 
degree of tuberculation to within 0.76 of a tuberculation band width in all cases. This is a 
significant finding that is of considerable importance to the water industry.
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15.4. PREDICTING CONDITION
The investigation into the factors that are related to
distribution main resulted in the identification of a
related to the condition of the main. These were:
Internal condition
i) Material
ii) Burst
iii) Leak complaints
iv) Temperature
v) pH
vi) Age
vii) Water quality complaints
External condition
i) Material
ii) Age
iii) Bursts
iv) Soil Corrosivity
v) Soil fracture potential
These results show that not only is the condition of the main related to its environment, but 
also that condition is related to burst rate, where higher burst rates occur on mains in poor 
condition. In addition to this burst rate was found to be more strongly related to external 
condition than to internal condition.
The development of an alternative condition assessment technique was successful with the 
identification of predictive equations for both internal and external condition. These are 
given in Equations 9 and 10, and are as follows:
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PDi = -3.3332 + Mx + 0.1181W + 0.0847 B + 0.3624 Tave+ 0.0012 A -Equation 12
Where PDi = Maximum internal pit depth
W = water quality band
B = burst street
Tave = Average temperature (°C)
A = Age* 100m burst band
And Mx is variable according to material type
Mci = Cast iron = 0
Msgi = Spun grey iron = -0.5407
Mdi = Ductile iron =-0.3521
PDe = 1.6807+ M x -0.1970 BB +0.1469 C +0.0016 A + 0.0010 BD + R
- Equation 13
Where PDe = Maximum external pit depth
BB = Burst band
C = Soil Corrosivity
A = Age
BD = Distance to nearest burst
And Mx is variable according to material
Mci -  Cast iron = 0
Msgi = Spun grey iron = 0.1215
Mdi = Ductile iron = -0.3641
And Ix = material *soil corrosivity * age 
Ici = 0.004 Y
Isgi = -0.0001 Y
ldi = - 0.0002 Y
Where Y = soil corrosivity * age
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The equation for the prediction of internal corrosion enables prediction of maximum internal 
pit depth to within 0.78mm in 50% of cases. The equation for the prediction of external 
condition enables prediction of maximum external pit depth to within 1mm in 50% of cases. 
These were developed based on routinely collected data, or data sets that were owned by 
Thames Water using multiple regression analysis techniques.
15.5. CONTRIBUTIONS TO KNOWLEDGE
This Engineering Doctorate research project has contributed to knowledge in the field of 
water main deterioration and condition assessment. The main contributions to knowledge 
that have been made by this research are;
• The quantification of the sensitivity and associated problems with the remaining life 
prediction methodology for condition assessment,
• The development of a technique for more accurately assessing the degree of 
tuberculation with a water distribution main based on knowledge of the 
characteristics of the main, pipe performance and the internal pipeline environment,
• The development of an alternative method of assessing the condition of ferrous water 
distribution mains using knowledge of pipeline characteristics, performance and the 
internal and external environment
These contributions are potentially of great significance for use within the management and 
regulation of the water industry across the world.
15.6. FURTHER WORK
The results obtained within this programme of research could be used to further enhance 
knowledge in related areas.
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15.6.1. The relationship between pipe condition and failure
The relationship between pipe condition and failure has been shown to be statistically
significant within this research. The failure of a main however is related to not only 
condition but also the stress environment which the main experiences. The knowledge of 
pipe performance and estimations of pipe condition could be used to investigate the stress 
environment which leads to failure. This would further enhance the understanding of the 
factors that lead to pipeline failure.
15.6.2. The relationship between pipe condition and serviceability
The increasing regulatory demands with respect to serviceability require an understanding of
the impact of condition and performance on the customer. Understanding the serviceability 
of a system requires knowledge of both the condition and deterioration of a system, its 
performance and also how the system reacts to changes in the operating environment. A 
method of assessing the condition of a distribution system could therefore be incorporated 
into a system of assessing pipeline serviceability, thus aiding in network management and 
regulatoiy reporting.
15.6.3. Development and application of pipeline management systems
This research project has identified a feasible method of assessing pipeline condition and
extent of tuberculation without excavation or the collection of further data sets. The 
application of these results within a network management system to enhance knowledge of 
the condition of a distribution network without the need for excavation. The development of 
such a system would enable rapid assessment of pipe condition, providing a mechanism for 
deriving regulatory data and thus enabling effective use of the wealth of data that is collected 
as part of the day to day operation of water distribution systems.
243
16. REFERENCES
Ainsworth, R. G, (1978). Corrosion Products and Loss o f Strength in Iron Mains. 
Proceedings of conference on water distribution systems: Maintenance of water
quality and pipeline integrity, Oxford, September, 1978.
Alhumoud, J. M., (1990). Developing a database fo r water distribution networks. 
Proceeding of the 21st Annual Pittsburgh Conference. Part 4, San Diego, 3"^  May 
1990. p l609- 1613.
Allen, M. J. (1985). Developing realistic replacement-rehabilitation criteria for distribution 
criteria for distribution system components Proceedings of the Distribution System 
Symposium. American Water Works Association, Seattle, WA, USA, pp. 191-194.
Andreou, S. A., Marks, D. H., and Clark, R. M. (1987). A new methodology for  
modelling pipe failure patterns in deteriorating water distribution systems. Advances 
in Water Resources, 10, pp 11-20.
Anon. (1994)= British gas uses ultrasonic vehicle for assessing pipelines integrity. Pipeline 
and Gas Journal, 221 (12) p40 - 42.
Baracos, A., Hurst, D. W., Legget, R. F. (1955). Effects o f the Physical environment on 
cast iron pipe. JAWWA 47 (12) p 1195 -  1206.
BS 2035. Specification for cast iron flanged pipes and flanged fittings. The British 
Standards Institute. (1966).
BS 211. Centrifugally cast (spun) iron pressure pipes for water gas and sewerage. The 
British Standards Institute. (1945, 1958).
BS 4772. Specification for ductile iron pipes and fitting. The British Standards Institute. 
(1980).
BS 78. British Standard Specification for Cast Iron Pipes (Vertically Cast) for Water, Gas 
and Sewerage and Special Casting Eor Use Therewith. The British Standards Institute 
(1917, 1938).
244
BS EN 545. Ductile iron pipes, fittings, accessories and their joints for water pipelines - 
requirements and test methods. The British Standards Institute. (1995)
Bughi, S., Aleotti, P., Bruschi, R., Andrei, G., Milani, G., Scarpelli, G., Sakellariadi, E. 
(1986). Slow Movements o f Slopes Interfering with Pipelines: Modelling and 
Monitoring. Pipeline Technology - Proceedings of the International Conference on 
Offshore and Arctic Engineering. OAME 1986, Vol. 5, ASME p363-372.
Chaker, V., Palmer, J. D. (1989). The effects o f soil characteristics on corrosion. ASTM 
STP 1013. American Society for Testing and Materials, Philadelphia, p5-17.
Ciottoni, A., S. (1983). Computerised data management in determining the cause o f water 
main breaks. The Philadelphia case study. Proceedings of the international 
symposium on urban hydrology, hydraulics and sediment control. University of 
Kentucky, Lexington. P323-329.
Clark, R. M., Stafford, C. L., Goodrich, J. A. (1982). Water Distribution Systems: A 
Spatial and cost evaluation. Journal of Water resources planning and management. 
108 (3), p243-256.
Cleveland Geosurveys (2002). An assessment o f the condition o f Scottish waters’ distribution 
system. Cleveland Geosurveys, Macclesfield.
Cohen, A. and Fielding M B. (1979). Prediction o f Frost Depth: Protecting Underground 
Pipes. Journal of the American Water Works Association 71(2), pi 13-116.
Computer Technology Institute. (1997). Reliability-Based Decision Support System for  
the Maintenance Management o f the Underground Networks o f Utilities. Final 
Technical Report. Brite/Euram Project No. 7120 “UtilNets”, 1997.
Conroy, P J., Hall, M J (1995). Rehabilitation and Leakage -  a Joint Approach. AQUA 
Vol. 44, No 4,pl96-201, 1995.
Cooper, N. R., Blakey, G. M., Sherwin, C., Ta, C. T., Whiter, J. T. and Woodward C. A. 
(1999). The use o f CIS to develop a probability based trunk mains burst risk model. 
Proceedings of IQPC Conference on Modelling the Distribution System, International 
Quality and Productivity Centre. 18-20* May, London, UK.
245
Crocket, P. A. and Maguire, R. (1999). Pipeline failure management. Proceedings of 
Conference on Ageing Pipelines, Institution of Mechanical Engineers, 11-13* October, 
Newcastle, UK. pp.39-48.
De Rosa, P. J., Parkinson, R. W. (1985). Corrosion o f Ductile Iron Pipes. Aqua No. 6, 
P341-349.
De Rosa, S. (1997). Personal Communication. 1997.
Dean, A. M., Britton, M. T. (1997). Procedures for corrosion testing o f cast iron water 
main samples. School of Engineering and Advanced Technology, Staffordshire 
University, September 1997.
Deb, A. K, Hasit, Y. J., Grablutz, F. M., and Herz, R. K. (1998). Quantifying future 
rehabilitation and replacement needs o f water mains. AWWARF, Denver.
Dempsey, P., Manook, B. A. (1986) Assessing the Condition of Cast Iron Pipes. WRc.
Doleac, M. L., Lackey, S. L., Bratton, G. N. (1980). Prediction o f Time to Failure for  
Buried Cast Iron Mains. American Waterworks Association Annual Conference - 
Water for the World Challenge of the 80’s, p31-38. Atlanta, June 15-20, 1980.
Dorn, R., Howsam, P., Hyde, R. A., Jarvis, M G. Water Mains: Guidance on Assessment 
and Inspection Techniques. CIRIA Report 162, CIRIA, 1996.
Dyachov, A. (1994). Rehabilitation o f the water distribution network in the city o f Moscow. 
Water Supply, vol 12 Nos 3 / 4 p 89-94.
ESRI (1995.) Using GRID with ARC/INFO Version 7. User Manual. Environmental Systems 
Research Institute Inc., 380 New York Street, Redlands, Cahfomia, U.S.A.
Evins, C., Stephenson, G., Warren, I. C., Williams S. M. (1989.) Planning the 
Rehabilitation o f Water Distribution Systems - Principle Document o f the Water Mains 
Rehabilitation Manual. WRc 1989.
Ewan Associates, (2001). The development o f seiwiceability indicators. Ewan Associates, 
2001 .
246
Fenner, R.A. and Sweeting, L. (1999). Decision support model for the rehabilitation ofnon- 
critical sewers. Water Science and Technology, Vol. 39, No. 9, pp. 193-200.
Ford, R., Whiter, J., and Woodward, T. (1996). Burst water mains and how to predict 
them. AGI (Association for Geographic Information) conference proceedings 96, NEC 
Birmingham, UK, September 1996.
Fuller, R. (2001). Climate Change Agreements Concluded. Journal of the Institution of 
Environmental Sciences, Vol 10, No.2.
Glashrook, D. J. (1994). Application o f CIS for maintenance in widespread distribution 
networks. Water Supply, Vol 12, Nos 3 / 4, pi 19 - 138.
Goulter , I. C., and Kazemi, A. (1988). Analysis o f water distribution pipe failure types in 
Winnepeg, Canada. Journal of Transportation Engineering. 15, p91-97
Goulter , I. C., and Kazemi, A. (1989). Spatial and temporal groupings o f water main
breaks in Winnepeg. Canadian Journal of Civil Engineering, 115(2), 95-111.
Goulter, I., C. (1989). Analysis o f water distribution pipe failure types in Winnipeg, 
Canada. Journal of Transportation Engineering. 115 (2) p95 -  111.
Gros, X., Wakefield, R. D. (1996). Condition monitoring and NDT o f water mains o f the 
city o f Bordeaux. Insight Vol. 38 (2), p864-866.
Gummow, R. A. (1984). The corrosion o f municipal iron water mains. Materials
Performance. March 1987, 23 (3), p39-42.
Habbibian, A. (1994). The effects of temperature on water main breaks. ASCE Journal of 
Transportation Engineering. 120(2), 312,321.
Habibian, A. (1992). Developing and utilising databases for water main rehabilitation. 
JAWWA, July 1992, p75 -  79.
Hobbs, C. (1997). Obtaining a clearer picture o f corrosion using non-destructive testing 
techniques. Anti- corrosion Methods and Materials.: 44 (4), p232 -  235
247
Holt, D. M., Harrison, R. (1994). Investigation o f microbiological re-growth on 
pipesurfaces in the Finsbury Park and Woodford water pressure Zones. Thames 
Water internal report.
Jackson, R Z., Pitt, C., Skabo, R (1992). Non-destructive Testing of Water mains for 
Physical Integrity. AWWA, 1992.
Jacobs, J. A. (1993). Underground corrosion in pipes in Calgary, Canada. Materials 
Performance. May 1987, no. 26 (5), p42-49.
Jacobs, P. (1993). Water distribution CIS from fragmented and incomplete information. 
Journal of Computing in Civil Engineering. July, 7 (3), p372 -  386.
Jarvis, M. G., Hedges, M. R. (1994). The use o f soil maps to predict the incidence o f 
corrosion and the need for iron water mains renewal. JIWEM, February 1994.
Jarvis, M., Jones, R., Hallet, S., Gibbins, J., Dufour, M. (1997). Land Fvaluation for  
Corrosivity. The Assessment of Soil-Based Factors as a Cause of Water Mains 
Failures. Soil Survey and Land Research Centre, Cranfield University.
Kane, M J. (1995). A Database to Prioritise Mains Rehabilitation. Pipes and Pipelines 
International, Jan-Feb 1995, p i9-26.
Karaa, F. A., Marks, D. H. (1990). Performance o f Water Distribution Networks: An 
integrated approach. Journal of Performance of Constructed Facilitates 4(1), p56 - 61.
Karamouz, M. (1991). Applications o f CIS in Monitoring and Trouble Shooting of Water 
Distribution Systems Proceedings o f the 18th Annual Conference and Symposium - 
New Orleans. Water Resources Planning and Management and Urban Water 
Resources p 564 - 569.
Kirby, P., C. (1978). Internal corrosion and loss o f strength o f iron pipes. Water 
Distribution Systems Conference - Keeble College, Oxford.
Kirmeyer, G. J., Logson, G. S. (1975). Principles of internal corrosion and corrosion 
monitoring. Journal AWWA, 75(2), p78 - 83.
248
Kleiner, Y., Rajani, B. (1999). Using limited data to assess future needs. JAWWA, July 
1999, p 4 7 -61 .
Kramer, R.A. (1986). Application o f probabilistic risk assessment to the analysis o f gas 
system reliability Proceedings of the International Gas Research Conference, Toronto, 
Canada, pp.355-362.
Kulkarni, R. B., and Patwardhan, A. S. (1990). Risk Management for Water Energy and 
Pipelines. Journal of Occupational Accidents. Vol 13, P 121 - 133.
Kumar, A., Meronyk, E., and Segan, E. (1984). Development of Concepts for corrosion 
assessment and evaluation of underground pipelines. Technical Report M337, 
Construction Engineering Research Laboratory.
Lackington, D. W. (1991). Leakage control, reliability and quality o f supply. Civil 
Engineering Systems , Vol 8, p219 -  229.
Lackington, D. W. and Burrows, B. L. (1994). Criteria to Determine Appropriate Levels 
o f Investment fo r Rehabilitation. Water Supply. Vol 12, No 3-4, p21-34
Lindley, E. (1992). Asset management Planning: Theory and Practice. JIWEM (Journal 
of the Institute of Water and Environmental Management), (6 ) p621-627.
Lyon, S (1986). Relationships Between Pipe Bursts and Lactors Including Soil Type. UCL / 
Thames Water - Unpublished.
Madiee, H., Botzung, P., Bremond, B., Eisenbies, P., Skardia, B. C., Ray, C. F., 
Matthews, P. (1996). Diagnostic methods and performance indicators for  
rehabilitation policies. Water Supply. Vol 14, nos. 3-4, p347 - 358.
Makar, J., and Chagnon, N. (1999). Inspecting systems for leaks, pits and corrosion. 
JAWWA 91 (7) p 3 6 -4 6 .
Mark, O., Wennburg, C., van Kalken, R., Rabbi, F. and Albinsson, B. (1998). Risk 
analysis for sewer systems based on numerical modelling and CIS. Safety Science, Vol. 
30, No. 1-2, pp.99-106
Mathsoft (1999). S-Plus 2000. Mathsoft Inc,
249
McAll, R.K. and Hambling, D. (1999). A mains replacement strategy - selecting the right 
mains for replacement. Proceedings of Conference on Ageing Pipelines, Institution of 
Mechanical Engineers, 11-13* October, Newcastle, UK. pp.281-293.
Millette, L. and Mavanic , D.S. (1988). The effect o f pH on the internal corrosion rate of 
residential cast iron and copper water distribution pipes. Canadian Journal of Civil 
Engineering. 15, 79-90.
Ministry of Health. (1950). Departmental Report o f the Departmental Committee on the 
Deterioration o f Cast iron and Spun Iron Water Mains. HMSO.
Monie, W. D., Clarke, C. M. (1974). Loads on underground pipe due to frost penetration. 
JAWWA 66(6), p353 - 358.
Montai, H. P., Bowen, R. D. (1991). Updating New York City's Sewer and Water Main 
Distribution Systems; Practical Applications o f CIS. Conference: Application of
remote sensing in Ceoographic Information Systems - Washington D. C. p 155 - 164.
Murillo, B. (1989). Computerising the planning, analysis and maintenance o f water 
systems. Public Works May 1989, 120 (6) p86 -  88.
Neter, J., Kutner, M. H., Natchtsheim, C. J, Wasserman, W (1996). Applied Linear 
Statistical Models. M. McCraw-Hill, New York.
Newport, R. (1981). Lactors influencing the occurrence o f bursts in iron water mains. 
AQUA(3), p274 - 278.
O’Day, D. K. (1989). External corrosion in distribution systems. JAWWA, October 1989, 
p 45 -  52.
O Day, D. K., Weiss, R., Chiavari, S., Blair, S (1986). Water Main Evaluation for  
Rehabilitation/Replacement. AWWARF, Denver Colorado.
O’Rourke, T., D. (1985). Lactors affecting the peiformance o f cast iron pipelines: a 
review of US observations and research investigations. Contractor report 18. 
Transport and Road Research Laboratory, Crowthorne, Berkshire, UK.
250
OFWAT (2001). MD:161 Managing serviceability to customers in England and Wales. 
Ofwat, Birmingham.
OFWAT (2002a). The development of spatial indicators for regulator reporting. OFWAT, 
Birmingham
OFWAT (2002b). An update on serviceability measures and indicators. OFWAT, 
Birmifigham.
OFWAT. (1993). 1992-1993 report on levels o f service for the water industry in England 
and Wales. Office of Water Services, Birmingham, UK.
Oliphant, R. (1999). Structural condition assessment o f water mains. Proceedings of No- 
Dig International, July 1999, p i9 -  21.
Oliphant, R. (1987). Cures and Causes o f Corrosion o f cast iron water mains. Journal of 
Association of Water Officers, July 1987, p29 - 33.
Parsons, D. P. (1998). Asset management in Distribution. Presented at the Pipeline
Industry Guild meeting. University of East London.
Peterson, R. (1977). Ultrasonic imaging shows corrosion. The oil and gas journal 75 (22), 
plOl-104.
Quimpo, R., G., and Wu, S. (1997). Condition assessment o f water supply infrastructure.
Journal of Infrastructure Systems. March, 3 (l)p l5  -  22.
Rajani, B., and Zahn, C. (1996). On estimation o f frost load. Canadian Geotechnical 
Journal. 33(4), 629-641.
Rajani, B., Makar, J., McDonald, S., Zhan, C., Kuraoka, S., Jen, C., Viens, M. (2000).
Investigation o f Grey Cast Iron Water Mains to Develop a Methodology for Estimating 
Sendee Life. AWWARF, Devner, Colorado.
Rajani, B., Zhan, C., and Kuraoka, S. (1996). On the estimation o f frost load. Canadian 
Geotechnical Journal, 33(3): 939-404.
Randall-Smith, M., Russell, A., Oliphant, R. (1992). Guidance manual for the structural 
condition assessment o f trunk mains. WRc, UK.
251
Ray, C., Matthews, P. (1996). Diagnostic methods and performance indicators for water 
main rehabilitation: Anglian Water’s experience. Water Supply, vol 14, Nos, 3 / 4 ,  
p347-358.
Romanoff, M. (1957). Underground Corrosion. National Bureau of Standards Circular 
579. US Covemment Printing Office.
Romanoff, M. (1968). Performance o f ductile iron pipe in soils. JAWWA, June 1968, 60 
(6), p645-655.
Rossum, J.R (1969). Prediction of corrosion rates in ferrous metals from soil parameters, 
JAWWA, 69(6)p305-310
Rothwell, G., P. (1978). Corrosion mechanisms applicable to metallic pipes. Proceedings 
of conference on water distribution systems: Maintenance of water quality and
pipeline integrity, Oxford, September, 1978.
Saegrov, S., Melo Baptista, J.F., Conroy, P., Herz, R.K., LeGauffre, P., Moss, G., 
Oddevald, J.F., Rajani, B. and Schiatti, M. (1999). Rehabilitation o f water networks. 
Survey o f research needs and ongoing efforts. Urban Water. Vol. 1, pp. 15-22.
Shamir, U., Howard, C. D. D. (1979). An analytic approach to scheduling pipe 
replacement. JAWWA. 71(5), p248 - 258.
Sheikh, A. K., Boah, J. K., Hansen, D. A. (1990). Statistical modelling o f pitting 
corrosion and pipeline reliability. Corrosion. March 1990. PI 90-197.
Skabo, R., R., Jackson, R. Z. (1992). Non-destructive testing o f water mains for physical 
integrity. Water Supply 12 (1-2) p ss 6.11 -  6.14.
Smith, P., Ford, N., Mulheron, M. (1999). Deterioration o f buried pipes: testing and 
assessment o f recovered 3-5” cast iron pipes. Prepared for Thames water Research 
and Technology.
Smith, W. H. (1976). Frost loadings on underground pipes. Journal of the American 
Water Works Association (JAWWA), December, p 673 -  674.
252
Smith, W., H. (1968). Soil evaluation in relation to cast-iron mains. JAWWA, February 
1968, p221 -227 .
Stahl, G. (1999). Use of software for a risk-based approach to the planning and operation of 
water-resource systems Journal of the Institution of Water and Environment 
Management, Vol. 13., No. 4, pp.270-274
Stahl, G. R. and Elliot, J. C. (1998). New generation computer models for risk-based water 
planning and management Water Supply, Vol. 17, No. 3, pp.289-295
Stanton Ironworks Company Ltd. (1936). Cast Iron Pipe: Its Life and Service. Hazel, 
Watson & Viney Ltd, London & Aylesbury.
Stokes, R. F., Morris, J. (1996). Planning the Rehabilitation o f Water Distribution and 
Sewerage Systems. CIWEM Yearbook 1996, p i7-23.
Thames Water. (2002a). Energy Statement. Thames Water , Reading.
Thames Water. (2002b) Environment and Conservation Review 2001. Thames Water, 
Reading.
Twort, A C., Ratnayaka, D.D., & Brandt, M.J. (2000) Water Supply. Arnold
Versanne, D. (1987) Cause o f water main damage. Water Supply vol. 5, 3/4, p ssl6 - 8-13.
Vreeburg, J., Rosenthal, L., Poortema, K., Hoogsteen, K. (1998). Risk management: 
integral approach in the Netherlands. Water Supply, Vol. 16, No. 1-2, pp.472-474
Vuorinen, A., Carlson, L. (1985). Surface characteristics o f tubercle mass and graphitic 
residue in cast iron water pipelines. Materials Chemistry and Physics, 12 p275 -  285.
Wagner, I. (1994). Internal Corrosion o f Pipes in Water Distribution Systems. Water 
Supply, vl2, nl-2,
Walski, T.M. (1987). Replacement Rules for Water mains. JAWWA, 79(11), 33-37.
Walski, T.M. and Pellicia, A.(1982). Economic analysis of water main breaks. JAWWA, 
74(3), 40-147
253
Ward, N., Murphy, K. (1993). A report on the laboratory examination o f samples o f iron 
pipe for Thames Water Utilities. Stantons Pic, UK.
Warren Associates (1996). The Rehabilitation Inspectors Training Manual. Warren 
Associates (Pipelines) Ltd, Devizes.
Wedge, R.F. (1990). Evaluating thermal pressure changes in liquid packed piping. 
Pipeline design and installation, K Kienow (Ed), ASCE New York.
Williams and Culp (1986). Handbook of Public Water Systems; Water Chemistry. Van 
Nostrand Reinhold Company (New York)
Williams S. M., Ainsworth, R. G., Fldridge, A. F. (1986). Methods o f Assessing the 
Corrosivity o f Water Towards Iron - Source Document for the Water Mains 
Rehabilitation Manual. WRc, Swindon, UK
WS Atkins. (2001). The development o f serviceability indicators. WS Atkins, Epsom.
254
APPENDIX A
Analysis of the sensitivity of the WRc and WA equations to accuracy of
pipe age data
1. WRc Results
Tables A1 to A12 show the remaining life prediction that result from a pipe of 
variable age, with variable pit depth.
Table A1. Sensitivity of WRc equation for pipe age accuracy for 3” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 645 105 15 -15
85 731 119 17 -17
95 817 133 19 -19
105 903 147 21 -21
115 989 161 23 -23
125 1075 175 25 -25
135 1161 189 27 -27
145 1247 203 29 -29
Table A2. Sensitivity of WRc equation for pipe age accuracy for 4” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 690 116 21 -11
85 782 132 23 -13
95 874 147 26 -14
105 966 163 29 -16
115 1058 178 32 -17
125 1150 194 34 -19
135 1242 209 37 -20
145 1334 225 40 -22
Table A3. Sensitivity of WRc equation for pipe age accuracy for 6” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 855 158 41 3
85 969 179 47 3
95 1083 200 52 3
105 1 197 221 58 4
115 13 II 242 63 4
125 1425 263 69 4
135 1539 284 74 5
145 1653 305 80 5
Table A4. Sensitivity of WRc equation for pipe age accuracy for 8” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 1005 195 60 15
85 1139 221 68 r
95 1273 247 76 19
105 1407 273 84 21
115 1541 299 92 23
125 1675 325 100 25
135 1809 351 108 27
145 1943 377 116 29
Table A5. Sensitivity of WRc equation for pipe age accuracy for 10” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 1125 225 75 25
85 1275 255 85 28
95 1425 285 95 32
105 1575 315 105 35
115 1725 345 115 38
125 1875 375 125 42
135 2025 405 135 45
145 2175 435 145 48
Table A6. Sensitivity of WRc equation for pipe age accuracy for 12” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 1238 253 89 34
85 1403 287 101 39
95 1568 321 113 44
105 1733 354 125 48
115 1898 388 137 53
125 2063 422 148 57
135 2228 456 160 62
145 2393 489 172 66
111
2. WA results
Table A7. Sensitivity of WA equation for pipe age accuracy for 3” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 518 73 -1 -26
85 587 83 -1 -29
95 656 93 -1 -32
105 725 102 -1 -36
115 794 112 -1 -39
125 863 122 -2 -43
135 932 132 -2 -46
145 1001 141 -2 -50
Table A8. Sensitivity of WA equation for pipe age accuracy for 4” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 691 116 21 -11
85 783 132 23 -13
95 875 147 26 -14
105 967 163 29 -16
115 1059 178 32 -17
125 1151 194 35 -19
135 1243 209 37 -20
145 1335 225 40 -21
Table A9. Sensitivity of WA equation for pipe age accuracy for 6” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 580 89 7 -20
85 658 101 8 -23
95 735 113 9 -26
105 813 124 10 -29
115 890 136 11 -31
125 967 148 12 -34
135 1045 160 12 -37
145 1122 172 13 -39
IV
Table AlO. Sensitivity of WA equation for pipe age accuracy for 8” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 829 151 38 0
85 940 171 43 0
95 1051 191 48 0
105 1161 212 53 1
115 1272 232 58 1
125 1383 252 63 1
135 1493 272 68 1
145 1604 292 73 1
Table Al l .  Sensitivity of WA equation for pipe age accuracy for 10” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 732 127 26 -8
85 830 144 29 -9
95 927 161 33 -10
105 1025 178 36 -11
115 1122 194 40 -12
125 1220 211 43 -13
135 1318 228 47 -14
145 1415 245 50 -15
Table A12. Sensitivity of WA equation for pipe age accuracy for 12” cast iron mains
Age
(Years)
Remaining life prediction (yrs)
Pit range (mm)
1 4 8 12
75 804 145 35 -2
85 911 164 40 -2
95 1081 183 44 -2
105 1125 203 49 -2
115 1233 222 53 -3
125 1340 241 58 -3
135 1448 261 63 -3
145 1554 280 67 -3
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